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To fulfil our ever-increasing energy and product needs, we exceedingly depend on 
fossil resources. However, fossil resources are non-renewable and their availability is 
irrevocably decreasing. This has motivated the advancement of alternative renewable 
resources as a replacement. As the only renewable source of fixed carbon, biomass is a 
leading alternative for manufacture of conventional fuels and petrochemical products. 
This MEng work focuses on the Biofine process, a famous near-commercial 
lignocellulose-fractionating technology that produces levulinic acid. We identify and 
address knowledge gaps in this process using process design and synthesis principles. 
 First, we develop an understanding of the physical properties of chemicals 
involved. We identify two azeotropes involving two of the main by-products. Next, we 
analyze the reactor system by performing simulations and comparing with available 
literature statistics. We identify several major discrepancies between simulated and 
reported data. To address these inconsistencies, we develop novel process 
configurations for the Biofine process and evaluate their performance using 
economics. 
 Finally, we investigate the performance of Biofine process in an integrated 
biorefinery, where the final product is not levulinic acid. We develop novel process 
configurations for several lab- and pilot-scale technologies and analyze the economic 




ADA Adipic acid 
DAP  Diammonium phosphate 
DCFROR  Discounted cash flow rate of return 
DOE  U.S. Department of Energy 
FA Formic acid 
FCI  Fixed capital investment 
gVL γ-valerolactone  
HMF 5-hydroxymethylfurfural 
ICES Institute of Chemical Engineering Sciences 
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Chemicals are used to manufacture nearly every available product and are an essential 
part of everyday life in today’s world. Such products are used as fuel for transportation 
vehicles, to provide electricity and heat, to preserve and improve crop yields, to 
prevent and cure diseases, and for countless other situations that make life easier for 
people. The chemicals industry is a major economic force that employs millions of 
people globally, and generates billions of dollars in tax revenues and shareholder 
value. It accounted for about 7% of global income and 9% of international trade in 
1995.[1] 
 
Figure 1.1 World consumption of fossil resources 1990-2040 (taken from [2]) 
 The world is highly dependent on fossil resources to fulfill its energy and product 
needs. The chemical industry is also reliant on fossil resources as major feedstocks for 
the production of various intermediates and chemicals. Worldwide consumption of 
fossil resources increased by 45% in the period of 1990-2010 and is estimated to reach 
543 quadrillion BTUs by 2040 as shown in Figure 1.1. Global chemical output 
escalated from 171 billion USD in 1970 to 4 trillion USD in 2010.[3] The energy 
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demand, including feedstocks, for chemical production is projected to grow by 50% by 
2040.[2]  
 However, fossil resources are non-renewable and their availability is irrevocably 
decreasing. Increased demand resulted in a dramatic spike of oil prices over the last 
decade as shown in Figure 1.2. In addition, burning of fossil resources has resulted in a 
sharp increase in the CO2 concentration in the earth’s atmosphere. This is credited to 
be the key reason for global warming witnessed over the past few decades. These 
concerns have motivated the advancement of alternative renewable resources to 
replace fossil resources. As the only renewable source of fixed carbon, biomass is a 
leading alternative for the manufacture of conventional fuels and petrochemical 
products. 
 
Figure 1.2 Price of crude oil in the period 2002-2012 (taken from [4]) 
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1.1 Biomass: Definition, Composition, and Source 
Biomass is defined as “any organic matter that is available on a renewable or recurring 
basis (excluding old-growth timber), including dedicated energy crops and trees, 
agricultural food and feed crop residues, animal wastes, and other waste materials 
usable for industrial purposes (energy, fuels, chemicals, materials).” Out of the 170-
200 trillion tons of yearly produced biomass, only 6 billion tons are currently used. 
Notably, only 180-210 million tons of biomass are used in non-food applications.[5] 
 Selection of the biomass source is vital from technical, social, and economic 
perspectives. The source should not compete with the food chain for ethical reasons. 
Low-value waste streams such as horticultural and food wastes are preferred. 
Moreover, it should be readily available throughout the year and easy to transport. 
Based on these criteria, oil palm empty fruit bunch (OPEFB) could be an excellent 
source and has been chosen as the feedstock for this thesis. 
 
Figure 1.3 Chemical composition of OPEFB (taken from [6])   
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Oil palm is extensively cultivated in Malaysia and Indonesia for production of 
palm oil. Once oil is extracted from the fruit, the empty fruit bunches are usually used 
as a fuel for energy generation. As it is easily accessible at low cost ($19/metric ton), 
OPEFB is an appropriate choice for a lignocellulosic biomass feedstock. Its chemical 
composition is given in Figure 1.3. 
1.2 Concept of Biorefinery 
Biomass in many ways is like petroleum; it has a complex composition and can lead to 
a plethora of products. This led to the concept of a biorefinery, a chemical facility that 
integrates a variety of technologies to produce chemicals, fuels and power.[7] This 
concept is analogous to a conventional refinery except that it uses biomass as feedstock 
instead of petroleum. 
 A typical biorefinery consists of three stages: 
1. Fractionating biomass into its individual components (cellulose, hemicellulose, 
lignin, etc.) in a primary processing unit 
2. Conversion of individual fractions to platform chemicals, intermediates and 
value-added chemicals in a secondary processing unit 
3. Tertiary processing of intermediates to value-added chemicals 
 The residues from different stages are used to cogenerate heat and power. A 
simplified representation of a typical biorefinery is given in Figure 1.4.  




Figure 1.4 Representation of a typical biorefinery  
1.3 Selection of Levulinic Acid as Platform Chemical 
Traditional petrochemical feedstocks are constructed around a small number of 
hydrocarbon-based building blocks (e.g. benzene, xylene, toluene, butanes, ethylene, 
syngas etc.). An analogous approach can be applied to biomass where several bio-
based chemicals are used as intermediates in chemical processing. These platform 
chemicals have a high conversion potential into new products. 
 A number of reports have identified several bio-based platform chemicals.[8-10] 
Researchers at NREL, and PNNL have identified twelve viable ‘platform chemicals’ 
that can be manufactured from sugars via thermochemical or biological 
transformations. [8] The list was derived by examining potential markets and 
complexity of conversion routes for more than 300 building blocks and their 
derivatives. One of these twelve platform chemicals is levulinic acid (LA), which can 
be produced via acid catalyzation of lignocellulosic biomass. The presence of two 
highly reactive functional groups (carboxylic acid and ketone) allows LA to be used in 
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a multitude of chemical transformations. Derivatives of LA have a variety of 
applications like angelica lactone and tetrapyrroles (pharmaceuticals and specialty 
chemicals); furfural, tetrahydrofuran, and succinic acid (solvents and general 
chemicals); ethyl levulinate and fuel esters (fuels and additives); etc.[11, 12] Several 
studies have proposed viable biorefineries for conversion of lignocellulosic biomass to 
liquid fuels using LA as a platform chemical. [13-15] Due to these advantages, LA has 
been selected as the primary platform chemical for this thesis. 
1.3.1 Biofine Process 
The Biofine process is a leading LA production technology, with one of the highest 
reported yields of LA and furfural.[11] Initial test work was conducted at NREL and 
Dartmouth College, New Hampshire during 1986-96. The first pilot plant with a 
capacity of 1 TPD was run at South Glen Falls, New York during 1996-00. It was 
shifted to Gorham, Maine in 2007 and its capacity was upgraded to 2 TPD.[16] A 50 
TPD demonstration plant was operated in Caserta, Italy during 2000-05. A commercial 
plant with a capacity of 125 TPD has been planned for Q4 2015 in New England.[17]  
 Unlike other biorefining technologies that employ hydrolytic mechanisms, the 
Biofine process is unique as it utilizes thermochemical means for the conversion of 
biomass. It utilizes dilute sulfuric acid as a catalyst in a dual reactor system to obtain 
two well-known platform chemicals, LA and furfural, as the final products. The 
advantages of the Biofine process are [12, 18-21]: 
a. High yields (50-58%) of LA and furfural with reduced tar formation 
b. Ability to handle diverse feedstocks 
c. High throughput and relatively low production costs 
 A schematic of the Biofine process is given in Figure 1.5. Shredded feedstock is 
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mixed with dilute sulfuric acid, and supplied to a plug flow reactor (PFR) along with 
high-pressure steam. This reactor is operated at 210-220°C with a residence time of 12 
seconds to hydrolyze the cellulose and hemicellulose fractions to their soluble 
intermediates (eqn (1), (2), (3) and (4)). The outflow from this reactor is sent to a 
continuous stirred-tank reactor (CSTR) operating at 180–200 °C with a residence time 
of 20 min. Here, the hexose intermediates are converted to LA and formic acid (FA) 
(eqn (5)). Side reactions lead to formation of tar (eqn (6) and (7)). Operating 
parameters of the second reactor are chosen such that furfural and formic acid 
vaporize, which are then externally condensed. LA is removed as a slurry from the 
second reactor, from which solid by-products are removed using a filter-press unit.  
 
Figure 1.5 Production of LA using Biofine process (taken from [21]) 
Hemicellulose + Water → Xylose             (1) 
Cellulose + Water → Glucose              (2) 
Xylose → Furfural + Water               (3) 
Glucose → HMF + Water               (4) 
HMF + Water → Levulinic Acid + Formic Acid          (5) 
Furfural + Water → Tar ↓                (6) 
HMF + Water → Tar ↓                (7) 
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1.4 Knowledge Gaps 
Though Biofine process is one of the most recognized lignocellulosic fractionating 
technologies, it has several knowledge gaps: 
i. Independent verification: Most studies have focused on the reactor 
system and potential usage of cheap LA.[11, 22] There are hardly any 
published reports on plant case studies.  
ii. Downstream processing: Hayes et al. [12] mentions the use of evaporators 
to purify LA while the final technical report submitted by Biometics Inc. to 
the U.S. Department of Energy [18] employs a solvent-based approach. 
Hence, there is a need for a detailed evaluation of possible purification 
schemes. 
iii. Presence of azeotropes: The product mixture from the second reactor has 
three known azeotropes – water-furfural, water-formic acid, and water-
sulfuric acid. Yet, the Biofine process claims that furfural and formic acid 
are easily separated in the second reactor by adjusting reaction conditions. 
iv. Detailed economic basis: The only available economic assessment of the 
Biofine process is given in Hayes et al. [12]. An extensive literature review 
failed to locate any independent economic evaluation of this process. 
v. Integration in biorefinery: Hardly any studies deal with integration of the 
Biofine process in an extended biorefinery where the final product is not 
LA. [23] 
These gaps are crucial to determine the economic viability of the Biofine process and 
hence, further work is required to bridge these gaps. 
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1.4.1 Integration of Biofine Process in an Extended Biorefinery 
Kim et al. [23] included the Biofine process in development of a technology 
superstructure for a general biorefinery. However, it was developed using a black box 
model based on the data available in Hayes et al. [12]. To understand the influence of 
the white-box model developed in this thesis, an extended biorefinery centered on the 
Biofine process needs to be developed. 
 As part of the Value Added Chemicals from Lignocellulose (VACL) thematic 
project, researchers at the Institute of Chemical Engineering Sciences (ICES) in 
Singapore developed several technologies for the manufacture of adipic acid (ADA) 
and lactic acid (LAA) from lignocellulosic biomass using LA as a platform 
chemical.[24-26] These two platform chemicals were chosen for the following reasons: 
(a) ADA is extensively used in the manufacture of nylon 66. However, its 
commercial route has a significant carbon footprint and is also plagued with 
nitrous oxide emission issues.[27] 
(b) LAA is used as a preservative and acidulant in the food industry. It is also the 
main raw material for the manufacture of polylactide. Industrial manufacture of 
LAA is based on fermentation of glucose to lactic acid. Other manufacturing 
routes are still to be explored.[28] 
 A block flow diagram of the complete biorefinery is given by Figure 1.6. It 
includes the technologies developed at ICES along with the Biofine process and a LA 
to γ-valerolactone (gVL) conversion process described in Yan et al. [29]. A brief 
overview of the above-mentioned processes is given below. 




Figure 1.6 Block flow diagram of integrated biorefinery 
 Zhang et al. [24] showed an acid-catalyzed pretreatment process at low acid 
concentrations to facilitate the direct use of hydrolyzate in subsequent fermentation 
steps. The biomass is pretreated with 0.5% (w/v) sulfuric acid and 0.2% (w/v) 
phosphoric acid at 160°C for 10 min with a liquid to solid ratio of 20 ml/g. This 
treatment removes the hemicellulose fraction in the form of xylose (eqn (8)) while 
remaining solid fraction (consisting majorly of cellulose and lignin) is filtered out. 
Hemicellulose + Water → Xylose                 (8) 
 Puah et al. [25] demonstrated the use of a novel two-in-one bioreactor for 
improved production of lactic acid from xylose (eqn (9)) using immobilized xylose 
isomerase and fermentation with Lactobacillus pentosus. Xylose at 50 g L-1 was 
consumed within 55 hours in the bioreactor with a LAA yield of 51%.  
Xylose → Lactic Acid                    (9) 
 Yan et al. [29] hydrogenated LA to gVL using hydrogen and methanol as a solvent 
over 5% Ru/C catalyst at 130°C for 160 min (eqn (10)). Reported yield was 92% with 
99% selectivity of gVL. 
Levulinic Acid + Hydrogen → gVL + Water            (10) 
 Wong et al. [26] described a novel two-step process for the conversion of gVL to 
ADA. First, the cyclic gVL was broken into aliphatic isomers of pentenoic acid over a 
Si-Al catalyst at 240°C and 3.6 bar for 100 min with a 10% yield. The produced 
pentenoic acid was carbonylated to form ADA at 105°C and 20 bar for 2 hours using 
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palladium acetate as a catalyst and diglyme as a solvent (eqn (11) and (12)). 
gVL → Pentenoic Acid                (11) 
Pentenoic Acid + Carbon Monoxide + Water → Adipic Acid      (12) 
1.5 Research Objectives 
This thesis focuses on bridging knowledge gaps detailed in the previous subsection by 
satisfying the following objectives: 
(1) Process synthesis and technoeconomic evaluation of the Biofine process – this 
contains a detailed analysis of the Biofine process, and synthesis and economic 
evaluation of novel process configurations 
(2)  Process synthesis and technoeconomic evaluation of an integrated biorefinery 
– this involves the development of an integrated biorefinery centered around 
the Biofine process 
The various synthesized process configurations are evaluated based on their net 
present value (NPV) at current market prices for reactants and products. 
1.6 Outline of Thesis 
The thesis consists of four chapters. Chapter 1 presents a brief introduction and a 
detailed literature review on the concept of biomass, biorefineries, and various 
conversion technologies. A number of gaps in available literature and directions for 
future work are identified and summarized. 
In Chapter 2, the methodology and major assumptions, including chemical prices, 
materials of construction, capital investment factors, etc. used in this study are 
presented. 
Chapter 1 Introduction 
12 
 
In Chapter 3, a detailed analysis of the Biofine process is performed. Several novel 
configurations for downstream processing of reactor products are proposed. Economic 
evaluations of the different case studies are carried out. 
In Chapter 4, an integrated biorefinery for the manufacture of ADA and LAA is 
presented. Novel configurations for the Biofine process are proposed and economic 
evaluations of various cases are executed. 





2 METHODOLOGY & ASSUMPTIONS 
2.1 Methodology 
To develop process flowsheets, simulation models, and case studies for different lab- 
and pilot-scale technologies, the following methodology is employed:  
1. Compilation of  process information of technologies under evaluation 
2. Synthesis of process configurations based on available experimental and 
process data and development of case studies 
3. Designing simulation models using Aspen PLUS™  
4. Cost estimation of case studies using Aspen Process Economic Analyzer®, 
experimental data, and literature references 
5. Estimation of capital and operational expenditures and execution of discounted 
cash flow analysis  
6. Comparison of case studies based on economic performance (using net present 
value (NPV) at current market prices) 
2.2 Assumptions 
The major assumptions for this study are listed in this subsection. Here, ‘plant’ refers 
both to a specific technology and to the biorefinery in general. The general 
assumptions are: 
i. The plant is modeled as nth plant  
ii. Feedstock is OPEFB with 20% moisture  
iii. Feedstock ash content is 5%  
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iv. Cellulose and hemicellulose are represented as glucan and xylan respectively 
v. Plant capacity is 2000 dry metric tons of feedstock per day  
vi. All financial values are adjusted to 2011 cost year 
vii. Capital and operational expenses for feedstock handling, boiler, pressure filter 
and utilities systems are based on data available in the NREL report [30] 
viii. Capital cost of wastewater treatment system is based on Seider et al. [31] 
ix. It is assumed that 5% of MTHF solvent is replaced daily 
x. All simulations are executed on Aspen PLUS™ v8.0 and economic estimations 
on Aspen Process Economic Analyzer® v8.0 
2.2.1 Prices 
Prices of various raw materials, utilities, and products (in 2011 dollars) used in this 
study are given in Table 2.1. 
Table 2.1 Price of raw materials, utilities, and products 
Raw material Price ($/MT) Utilities Price ($/MT) 
Feedstock 17.1 [32] Grid electricity 37.7 $/MWh [33] 
Sulfuric acid, 93% 98.3 [30] Heating oil 0.6 [34] 
Caustic soda (pure) 163.8 [30] Steam (60.75 bar) 9.8 [34] 
MTHF 600 [32] Makeup water 0.6 [34] 
Phosphoric acid 454.8 [32] Disposal of Ash 34.8 [30] 
Yeast 1,910.1 [32] Boiler chemicals 5,469.9 [30] 
DAP 436.6 [35] FGD Lime 218.4 [30] 
Methanol 409.3 [36] Wastewater treatment 0.5 [34] 
Hydrogen 2,995.6 [37] Cooling tower chemicals 3,278 [30] 
Ru/C catalyst 370,936.1 [38] Product Price ($/MT) 
Silica alumina 135 41,567.9 [39] Formic Acid, 90% 505.4 [32] 
Carbon monoxide 470.1 [40] Lactic Acid, 50% 1,745.5 [41] 
Diglyme 2,910.7 [42] Adipic Acid, 99% 2,640 [35] 
Ligand 2,137,519.6 [38] Furfural 1,400 [32] 
Palladium acetate 11,772,502.5 [35, 43] Levulinic Acid 1,914.8 [44] 
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2.2.2 Time-Value Adjustment 
Table 2.2 Time-value index factor for chemical and capital costs (taken from [45]) 
Year Chemical Index Capital Index 
1990 123.6 357.6 
1991 125.6 361.3 
1992 125.9 358.2 
1993 128.2 359.2 
1994 132.1 368.1 
1995 139.5 381.1 
1996 142.1 381.7 
1997 147.1 386.5 
1998 148.7 389.5 
1999 149.7 390.6 
2000 156.7 394.1 
2001 158.4 394.3 
2002 157.3 395.6 
2003 164.6 402 
2004 172.8 444.2 
2005 187.3 468.2 
2006 196.8 499.6 
2007 203.3 525.4 
2008 228.2 575.4 
2009 224.7 521.9 
2010 223.7 550.8 
2011 249.3 585.7 
2012 260.1*  
2013 274.1*  
2.2.3 Materials of Construction 
The materials of construction used during purchased cost estimation of equipment are 
given in Table 2.3 along with required stream composition for selected material. 
  
                                                 
* Extrapolated values 
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Table 2.3 Materials of Construction 
Material of Construction Required Stream Composition 
Carbon Steel (CS) No acid 
SS304 Carboxylic acid 
SS316 Trace of sulfuric acid 
Incoloy >1% sulfuric acid 
Hastelloy C Concentrated sulfuric acid at high temperatures 
Glass-lined CS Concentrated sulfuric acid at high temperatures 
2.2.4 Cost Estimation 
If only equipment purchase costs are available from literature, total direct cost is 
estimated from total purchased equipment cost using capital investment factors given 
in Table 2.4. Delivered cost of process equipment is 1.05 times f.o.b. purchase 
cost.[31] Fixed operating costs are assessed using factors given in Table 2.5. 
Table 2.4 Capital investment factors (taken from [30, 31]) 
Delivered cost of process equipment 100% 
  Purchased equipment installation 39% 
  Instrumentation and controls 26% 
  Piping 31% 
  Electrical systems 10% 
  Buildings (including services) 29% 
  Yard improvements 12% 
Total direct cost 247% 
Indirect cost 
   Prorateable expenses 10% 
  Field expenses 10% 
  Home office & construction fee 20% 
  Project contingency 10% 
  Other Costs (Start-Up, Permits, etc.) 10% 
Total indirect cost 60% 
Fixed capital cost 307% 
Table 2.5 Fixed operating cost factors (taken from [23, 30]) 
Labor charge 2% of direct cost 
Overhead 60% of labor charge 
Maintenance 3% of ISBL direct cost 
Property insurance & tax 0.7% of fixed capital investment 
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2.2.5 Economic Analysis 
The parameters for the discounted cash flow rate of return (DCFROR) analysis are 
given in Table 2.6. 
Table 2.6 Discounted cash flow analysis parameters (taken from [30]) 
Plant life 30 years 
Capacity factor 96% (8,410 on-steam hours/year) 
Discount rate 10% 
General plant depreciation 200% declining balance (DB) 
General plant recovery period 7 years 
Steam plant depreciation 150% DB 
Steam plant recovery period 20 years 
Income tax rate 35% 
Financing 40% equity 
Loan terms 10-year loan at 8% APR 
Construction period 3 years 
   First 12 months’ expenditures 8% 
   Next 12 months’ expenditures 60% 
   Last 12 months’ expenditures 32% 
Land 2% of total depreciable capital 
Working capital 5% of fixed capital investment 
Start-up time 3 months 
   Revenues during start-up 50% 
   Variable costs incurred during start-up 75% 
   Fixed costs incurred during start-up 100% 
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3 PROCESS SYNTHESIS AND 
TECHNOECONOMIC EVALUATION OF THE 
BIOFINE PROCESS 
3.1 Introduction 
Our goal in this chapter is to undertake a thorough analysis of the Biofine process, 
verify available process information, synthesize alternate configurations for 
downstream processing and purification, and estimate economic performance of case 
studies. The chapter is organized as follows. First, we examine the properties of 
various possible azeotropes in the Biofine process in section 3.2. We then determine 
appropriate property methods and components to use in Aspen PLUS™ in section 3.3. 
We analyze the twin reactor system of the Biofine process and verify the claims of 
Hayes et al. [12] in section 3.4. In section 3.5, we use process design and synthesis 
principles to develop flowsheets for novel configurations of the Biofine process. 
Finally, section 3.6 describes the economic analyses of the various configurations. 
3.2 Properties of Azeotropes 
Based on reactants and products of the Biofine process, there exist three possible 
azeotropes – water-furfural, water-formic acid, and water-sulfuric acid. However, the 
water-sulfuric acid azeotrope cannot be modeled using any property method available 
in Aspen PLUS™. Therefore, we neglect this azeotrope in this study. The remaining 
two azeotropes are described in the following subsections. 
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3.2.1 Water-Furfural Azeotrope 
Furfural forms a heterogeneous azeotrope with water, as given in Figure 3.1. At 
atmospheric pressure, water-furfural mixture has an azeotropic boiling point of 
97.79°C at 35.46% furfural content. An important property of the mixture is that when 
concentration of furfural ≥ 35%, the mixture splits into two liquid phases. 
 To break the azeotrope, we use a combination of two distillation columns and 
decanters as described in Harris and Smuk [46]. In the first column (C-1), furfural is 
concentrated to 35% in distillate and pure water is obtained as bottoms product. The 
distillate is sent to the first decanter (E-1), from which the water-rich phase is sent 
back to the first column as a reflux and the furfural-rich phase is sent to the second 
column. In the second column (C-2), pure furfural is collected as bottoms product. The 
distillate of the second column is decanted (in E-2), and the water-rich and furfural-
rich phases are sent to the first and second column respectively. A schematic of the 
furfural recovery section is given in Figure 3.2. 
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Figure 3.1 Water-furfural azeotrope (taken from [47]) 
 
Figure 3.2 Furfural recovery section 
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3.2.2 Water-Formic Acid Azeotrope 
Formic acid forms a maximum boiling azeotrope with water, as given in Figure 3.3. 
The azeotrope contains 65.66% acid at 0.2 atm, 75.25% acid at 1 atm, and 84.23% acid 
at 3 atm. Therefore, we can use pressure shift distillation to produce concentrated 
formic acid.[48] Feed containing water and formic acid is sent to the first column 
(COL-1) operating at 3 atm to produce pure water as distillate. The bottoms product 
(~80% formic acid) is fed to the second column (COL-2) that operates at 0.2 atm and 
produces 90% formic acid as distillate. The bottoms product from the second column 
(COL-2) is recycled back to the first column. A schematic of the formic acid recovery 
section is given in Figure 3.4. 
 
 
Figure 3.3 Water-formic acid azeotrope (taken from [49]) 
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Figure 3.4 Formic acid recovery section 
3.3 Selection of Property Methods 
Due to the presence of a combination of polar and non-polar chemicals, selection of 
suitable property methods is crucial to the development of accurate simulation models. 
For the simulation of Biofine process, we have chosen three property methods 
described below: 
1. Formic acid undergoes dimerization in the vapor phase. To model this behavior 
accurately, we chose NRTL-HOC as the basic property method. However, it 
cannot be used at pressures exceeding 15 atm. 
2. We use SR-POLAR for all high-pressure unit operations. As it is predictive in 
nature (it uses UNIFAC group contribution method to determine binary 
parameters), it can handle the presence of user-defined components like 5-
hydroxymethylfurfural (HMF), xylan, etc. 
3.  To model the phase-split behavior of the water-furfural system, we chose 
NRTL-2 as the property method for all furfural decanters. 
Chapter 3 Process Synthesis and Technoeconomic 




 Majority of the components in the simulation models are based on the Aspen 
PLUS™ simulation file accompanying Humbird et al. [30]. Other components are 
added either from standard Aspen databases or as user-defined components. 
3.4 Analysis of Biofine Reactor System 
According to Hayes et al. [12], shredded biomass mixed with dilute sulfuric acid 
mixture is fed with high pressure steam to the first reactor (R1), which operates at 210-
220°C and 25 bar. The cellulose and hemicellulose fractions are hydrolyzed to glucose 
and xylose respectively, which then dehydrate in presence of acid to form HMF and 
furfural. This mixture is then sent to the second reactor (R2) operating at 190-200°C 
and 14 bar. Here, HMF hydrolyses to form LA and formic acid. In the latest patent of 
the Biofine process [19], the temperature of R2 was lowered to reduce the 
decomposition of formic acid in the presence of sulfuric acid (eqn (13) and (14)). 
Hayes et al. [12] made three major claims – furfural and other volatiles are removed as 
vapors from R2, water and other volatiles can be removed from the crude LA stream 
using a dehydration unit operating at reduced pressure, and LA is purified to 98% in 
the last evaporator. 
CH2O2 → CO2 + H2                  (13) 
CH2O2 → CO + H2O                  (14) 
 To simulate the Biofine reactor system, we used the following steps: 
i. We selected the operating conditions of reactors, given in Table 3.1, based 
on additional data in the Biofine patents [19-21] 
ii. Concentration of sulfuric acid in reactor feed is set to 3.5% (w/w) 
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iii. Flow rates of high-pressure steam (27.6 bar) and recycled water are 
optimally adjusted to maintain the temperature of R1 at 210°C and solids 
content of reactor feed at 40% 
iv. Pressure of R2 is varied to maintain a zero heat duty 
v. The reactors are modeled as stoichiometric reactors to reduce the number of 
assumptions taken 
Table 3.1 Operating parameters of Biofine reactors 
 Reactor 1 Reactor 2 
Pressure (bar) 25 5-14 
Temperature (°C) 210 185 







C5H4O2 + 3H2O → C5H10O5 ↓ 
5C6H6O3 + 15H2O → 6C5H10O5 ↓ 
 However, there were several issues with the simulation: 
a. Much of the required property data for HMF is unavailable. In addition, lack of 
modified UNIFAC (UNIF-DMD and UNIF-LBY) groups had rendered the 
estimation of its properties difficult. 
b. Due to unavailability of HMF property data, the pressure of R2 required to 
maintain a zero heat duty is approximately 1.6 bar. This is far below the 
required pressure range given in Table 3.1. 
 To rectify these issues, we replaced the reactions with HMF as an intermediate 
(eqn (4) and eqn (5) in section 1.3) with the direct conversion of glucose to LA and 
formic acid (eqn (15)). Even with this modification, furfural and formic acid formed in 
R2 do not completely vaporize as claimed. Table 3.2 gives the final operating 
parameters of the Biofine reactor system. 
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Glucose → Levulinic Acid + Formic Acid + Water           (15) 
Table 3.2 Finalized operating parameters of Biofine reactors 
 Reactor 1 Reactor 2 
Pressure (bar) 25 10.7 
Temperature (°C) 210 185 





C6H12O6→C5H8O3+CH2O2 + H2O 
C5H4O2 + 3H2O → C5H10O5 ↓ 
5C6H6O3 + 15H2O → 6C5H10O5 ↓ 
Yield 80% of theoretical maximum 
 To verify the remaining claims, we added a series of evaporators as described. 
However, there was a significant loss of LA (approx. 10%) in the evaporators, and the 
final purity of LA is only 90%. Hence, we need to look at novel purification options to 
recover and purify LA. 
3.5 Synthesis of Biofine Process 
In this section, we address the shortcomings observed in the Biofine process’ 
downstream processing and purification section. To rectify these shortcomings, we 
propose five novel process configurations based on two different types of separation 
methodologies – evaporation/distillation and solvent extraction. The following 
subsections describe in detail each of the five configurations along with their own 
advantages and disadvantages. 
 An important factor for all designs is the limit on maximum temperature for any 
process stream containing formic acid to 185°C to minimize its decomposition. Target 
purities for LA and furfural are 99.99% for two reasons – to match industrial 
requirements, and to meet reactant purity levels of downstream processes. Target 
purity for formic acid is set at 90% as per standard industrial composition and target 
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purity of water is set at 99.99% to reduce water consumption. Aspen simulation 
models and detailed stream data can be found in Appendices A and B respectively. 
3.5.1 Design 1 
We concluded from the previous subsection that the evaporator system is ineffectual. 
In this configuration, we modify the evaporator scheme with additional distillation 
columns to achieve maximum recovery of pure LA. A PFD of Design 1 is given in 
Figure 3.5. The main features of Design 1 are: 
i. Evaporators (D1-EVP-1, D1-EVP-2) operate at atmospheric pressures. We 
optimize the temperature of each evaporator to achieve maximum removal of 
furfural, water, and formic acid. 
ii. D1-COL-1 and D1-COL-2 recover furfural using the distillation sequence 
described in section 3.2.1. 
iii. The formic acid recovery section uses the distillation sequence described in 
section 3.2.2 to recover formic acid. However, we modify this section (D1-
COL-3, D1-COL-4) to account for contamination of feed stream with 2.4% of 
levulinic acid (approx. 85 TPD). This necessitates addition of a third column 
(D1-COL-5) to recover a recycle stream as the distillate. 
iv. The liquid concentrate from the evaporator section has trace quantities of water, 
furfural and formic acid. Hence, it is further distilled in D1-COL-5 to remove 
these traces. The recycle distillate stream from D1-COL-5 is sent to D1-COL-1 
instead of D1-COL-3 to eliminate the aforementioned traces of furfural. 
v. We recover water as steam from D1-COL-3, which is then decompressed in a 
turbine (D1-T-1) to recover energy, condensed and recycled back to the 
reactors. 
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vi. We recover pure LA as distillate in D1-COL-6, which also recovers 
concentrated sulfuric acid as bottoms product. The sulfuric acid is recycled 
back to the reactors. 
vii. D1-COL-4, D1-COL-5, and D1-COL-6 are vacuum distillation columns. 
 The advantage of this design is that we can use SS316 in the construction of three 
distillation columns (D1-COL-1, D1-COL-3, and D1-COL-4) and accessory 
equipment as the process streams contain only traces of sulfuric acid. This is because 
we retain sulfuric acid in the concentrate stream of the evaporator section. 
 However, we require an additional column (D1-COL-5) along with the evaporators 
to remove volatile components from the crude LA stream. In addition, we evaporate 
water twice, once in the evaporator section and again in D1-COL-3. As water is the 
major component of the reactor product stream (71.9%), we incur additional utility 
demand. 
 Table 3.3 gives the main operating parameters for the evaporators and columns in 
Design 1. 




















  66.3 124.4 
D1-EVP-2  
 
  3.6 185.0 
D1-COL-1 55 5.2 0.2 -11.2 28.2  
D1-COL-2 7 0.0 0.4 -0.8 1.0  
D1-COL-3 70 0.6 0.9 -100.1 111.5  
D1-COL-4 25 4.0 0.5 -9.6 8.5  
D1-COL-5 6 0.1 0.5 -3.1 3.1  
D1-COL-6 15 2.7 0.8 -13.4 13.3  
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Figure 3.5 Biofine process – Design 1
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3.5.2 Design 2 
In Design 2, we address the first disadvantage of Design 1 by eliminating the 
evaporators and shifting D1-COL-5 to their position in the flowsheet. Figure 3.6 gives 
the PFD of Design 2. The relevant features of this design are: 
i. D2-COL-1 recovers all volatiles as distillate and produces a crude LA stream 
as bottoms product. This is sent to D2-COL-2 to obtain pure LA and 
concentrated sulfuric acid. 
ii. The recovered volatiles are sent to furfural and formic acid recovery sections to 
produce pure furfural, water and formic acid 
iii. Water and sulfuric acid are recycled to the reactors. Electricity is generated 
using a turbine to decompress steam from D2-COL-5. 
iv. D2-COL-1, D2-COL-2, and D2-COL-6 are vacuum distillation columns 
 The first disadvantage of this design is D2-COL-1 handles a very high throughput 
at low pressure, escalating its cost. In addition, there is a significant cooling utility 
demand for this column’s condenser. The second and most significant disadvantage is 
that we still evaporate water twice. Table 3.4 gives the main operating parameters for 
the columns in Design 2. 















D2-COL-1 11 0.6 1.0 -140.8 40.5 
D2-COL-2 15 2.7 0.8 -13.4 13.3 
D2-COL-3 30 0.7 0.2 -30.2 30.3 
D2-COL-4 6 0.0 0.4 -1.0 1.2 
D2-COL-5 70 0.6 0.9 -108.7 122.5 
D2-COL-6 12 3.1 0.5 -7.8 6.9 
Chapter 3 Process Synthesis and Technoeconomic 





Figure 3.6 Biofine process – Design 2
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3.5.3 Design 3 
In Design 3, we recover each component of the reactor product mixture in order of 
their volatility, with the most volatile recovered first and so forth. Table 3.5 gives      
K-values of the Biofine reactor product mixture. From these values, it is clear that the 
order of relative volatility is furfural, water, formic acid, LA and sulfuric acid. The 
PFD of Design 3 is given in Figure 3.7. 




Formic Acid 0.3476306 
Levulinic Acid 0.0108775 
Sulfuric Acid 0.00197818 
 The key features of Design 3 are: 
i. D3-COL-1 and D3-COL-2 form the furfural recovery section 
ii. D3-COL-3 and D3-COL-6 form the formic acid recovery section 
iii. D3-COL-4 removes crude LA as bottoms product 
iv. D3-COL-5 recovers pure LA and concentrated sulfuric acid 
v. Water and sulfuric acid are recycled to the reactors. Electricity is generated 
using a turbine to decompress steam from D3-COL-3. 
vi. D3-COL-4, D3-COL-5, and D3-COL-6 are vacuum distillation columns 
 The key advantage of Design 3 is that all vacuum distillation columns are grouped 
to the end of the flowsheet, thus reducing pumping costs and size of vacuum 
distillation columns due to reduction in throughput. In addition, water is only 
evaporated once (D3-COL-3) in comparison with Designs 1 and 2. 
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 However, formic acid is recovered in the last column (D3-COL-6). This implies 
that it has a high residence time with sulfuric acid, resulting in maximum 
decomposition. In addition, D3-COL-1 and D3-COL-3 have to be constructed with 
special materials to reduce corrosion due to sulfuric acid. 
 Table 3.6 gives the main operating parameters for the columns in Design 3. 















D3-COL-1 55 1.7 0.2 -48.0 32.8 
D3-COL-2 7 0.0 0.4 -0.8 1.0 
D3-COL-3 70 0.6 0.9 -42.3 109.4 
D3-COL-4 7 8.4 0.7 -43.8 42.6 
D3-COL-5 12 3.1 0.5 -7.8 8.1 
D3-COL-6 15 2.7 0.8 -13.4 13.3 
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Figure 3.7 Biofine process – Design 3 
Chapter 3 Process Synthesis and Technoeconomic 




3.5.4 Design 4 
In Design 4, we try to rectify the disadvantages of Design 3 by recovering formic acid 
earlier, and reducing the number of columns that require special materials of 
construction to one. We achieve this by recovering furfural and water first, which are 
later separated to get the individual pure components. Then we purify formic acid after 
which we recover LA and sulfuric acid. The PFD for Design 4 is given in Figure 3.8. 
 The major features of Design 4 are: 
i. D4-COL-1 and D4-COL-4 form the formic acid recovery section 
ii. D4-COL-2 removes crude LA as bottoms product 
iii. D4-COL-3 recovers pure LA and concentrated sulfuric acid 
iv. D4-COL-5 and D4-COL-6 form the furfural recovery section 
v. Water and sulfuric acid are recycled to the reactors. Electricity is generated 
using a turbine to decompress distillate vapor from D4-COL-1. 
vi. D4-COL-2, D4-COL-3, and D4-COL-4 are vacuum distillation columns 
 Design 4 is probably the best possible design based on evaporation/distillation 
methodology. Faults from all previous designs are rectified in this configuration. Table 
3.7 gives the main operating parameters for the columns in Design 4. 















D4-COL-1 70 0.5 0.9 -41.5 92.8 
D4-COL-2 7 0.1 0.7 -5.1 3.9 
D4-COL-3 12 3.1 0.5 -7.8 8.1 
D4-COL-4 15 2.7 0.8 -13.4 13.3 
D4-COL-5 18 4.7 0.2 -103.1 26.4 
D4-COL-6 6 0.0 0.4 -0.8 1.0 
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 Figure 3.8 Biofine process – Design 4 
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3.5.5 Design 5 
In design 5, we develop a configuration based on solvent extraction of LA. A brief 
literature review came up with a number of solvents such as methyltetrahydrofuran 
(MTHF) [18], sec-butyl phenol [14], furfural [50], etc. We selected MTHF as it was 
solvent of choice in the final technical report of the Biofine process [18]. Figure 3.9 
gives the PFD of Design 5. 
 As the binary interaction parameters for MTHF are not available in Aspen 
databases, we had to rely on estimation using UNIFAC group contribution method. 
However, when we regressed these estimates to NRTL-2 parameters, the extraction 
column showed significant carryover of sulfuric acid to the organic phase. This is 
contrary to literature data. Therefore, we use UNIF-DMD as the property method for 
all unit operations handling MTHF. However, this method cannot handle sulfuric acid. 
Hence, we use a component splitter to remove sulfuric acid before the extraction 
column, which is later added to the aqueous bottoms stream from D5-COL-5. Such a 
split is feasible as sulfuric acid will not be absorbed by the solvent stream at all. 
 MTHF forms a heterogeneous azeotrope with water, similar to furfural. We use a 
single decanter-twin distillation column combination to recover individual components 
(as given in Figure 3.9). 
 The main features of Design 5 are: 
i. The feed is extracted with MTHF in D5-COL-1. We optimize the ratio of 
MTHF to feed to recover 99.99% of levulinic acid. 
ii. D5-COL-2 distills the extract to recover furfural and LA as bottoms product. 
This is then further purified in D5-COL-3. 
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iii. The MTHF recovery section (D5-COL-4, D5-COL-5) breaks the azeotrope to 
obtain MTHF, which is recycled back to the extraction column, and wastewater 
that contains formic acid, sulfuric acid and trace amounts of furfural. 
iv. Wastewater is neutralized with caustic soda and sent to the wastewater 
treatment plant. 
 The main advantage of this design is lower capital and operational costs due to the 
use of solvent extraction. However, we are unable to recover formic acid, which is a 
valuable byproduct. To the best of our knowledge, there exists no solvent that can 
extract formic acid from a mixture that also contains sulfuric acid. We need to 
ascertain the impact of loss of revenue from formic acid sales through an economic 
analysis. 
 Table 3.8 gives the main operating parameters for the columns in Design 5. 















D5-COL-1 62     
D5-COL-2 15 0.0 0.9 -16.9 17.5 
D5-COL-3 11 0.0 0.5 -12.0 14.2 
D5-COL-4 9 0.0 0.0 -3.3 9.1 
D5-COL-5 13 0.0 0.4 -2.5 2.9 
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  Figure 3.9 Biofine process – Design 5 
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3.5.6 Mass and Heat Integration 
The Biofine process is highly water-intensive, requiring 1.5 kg of water per kg of dry 
biomass. Therefore, it is very critical to recycle water internally to reduce operational 
costs. Similarly, it is very important to recover and reuse sulfuric acid and MTHF. All 
designs described in the previous subsections recycle all chemicals to reduce costs. 
 Correspondingly, due to its water-intensive nature, the Biofine process is also 
highly energy-intensive. All developed configurations require significant consumption 
of hot utilities to function. Therefore, a manual heat integration study is carried out. 
We match hot streams with cold streams with a minimum approachable temperature of 
10°C. In addition, we use feed preheaters before reactors and distillation columns to 
reduce utility consumption. Preference is given to condensing streams to reduce cost of 
heat exchangers. Table 3.9 gives a list of heat exchangers that we have selected for 
heat integration. For example, heat exchanger H-4B of Design 1 can be heated using 
the condensing stream from S-9 condenser of Design 1. We also reduced utility 
requirements by changing design specifications. For example, to match requirements 
of hot utility in Design 1 and 2, steam flow to the turbine was reduced; condensing 
extra steam to provide necessary heating requirement. 
Table 3.9 Selected exchangers for heat integration 
Name 
Temperature (°C) 
Heat Duty (MW) 
Inlet Outlet 
Design 1 
H-2 145.7 98.0 -7.1 
H-4A 113.9 115.3 0.2 
H-4B 115.3 133.7 12.4 
H-5 43.5 108.5 0.4 
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Heat Duty (MW) 
Inlet Outlet 
Design 1 
H-8 125.4 135.7 0.8 
Evaporator 1 98.1 124.4 3.5 
S-6 Condenser 125.5 125.3 -100.1 
S-9 Condenser 178.5 177.9 -12.4 
S-4 Reboiler 113.5 113.8 28.2 
S-5 Reboiler 162.6 163.4 1.0 
S-7 Reboiler 67.8 70.3 8.5 
Design 2 
H-2 145.7 98.0 -6.9 
H-3A 98.1 112.3 61.8 
H-3B 112.3 167.5 13.4 
H-6 38.8 99.5 9.4 
H-8 67.3 115.3 0.3 
H-9 125.4 137.2 1.0 
S-4 Condenser 178.5 177.1 -13.4 
S-7 Condenser 125.5 125.3 -108.7 
S-5 Reboiler 101.3 101.4 30.3 
S-8 Reboiler 66.9 67.1 6.9 
Design 3 
H-2 145.7 98.0 -5.6 
H-3 98.1 102.0 0.6 
H-5 114.4 136.1 12.3 
H-6 67.3 115.3 0.3 
H-10A 100.1 106.9 0.5 
H-10B 106.9 135.7 2.3 
S-5 Condenser 125.5 125.3 0.0 
Chapter 3 Process Synthesis and Technoeconomic 






Heat Duty (MW) 
Inlet Outlet 
Design 3 
S-8 Condenser 178.5 177.8 -13.4 
S-3 Reboiler 113.8 114.4 32.8 
S-4 Reboiler 162.8 163.5 1.0 
S-7 Reboiler 66.9 67.1 8.1 
Design 4 
H-2 145.7 98.0 -7.9 
H-3A 98.1 114.9 2.4 
H-3B 114.9 134.5 12.3 
H-4 67.3 114.9 0.3 
H-8A 105.1 114.9 0.8 
H-8B 114.9 135.7 1.7 
S-3 Condenser 125.2 124.9 -3.5 
S-6 Condenser 178.5 177.8 -12.3 
S-5 Reboiler 66.9 67.1 8.1 
S-7 Reboiler 104.7 105.0 26.4 
S-8 Reboiler 161.1 162.9 1.0 
Design 5 
H-1 30.0 135.4 7.9 
H-3 156.6 132.3 -2.1 
S-7 Condenser 113.9 103.6 -3.3 
S-8 Condenser 161.8 161.4 -2.5 
S-6 Reboiler 120.6 121.0 14.2 
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3.6 Economic Evaluation of Biofine Process 
The capital cost estimation of the Biofine process is carried out using Aspen Process 
Economic Analyzer®. Appropriate materials of construction are chosen according to 
stream composition and temperature. 
 The plant consists of a feedstock handling section, the Biofine process, a 
wastewater treatment section, a boiler, and a utilities section. Discounted cash flow 
analyses of the different designs are carried out. Table 3.10 gives the breakdown of the 
capital investments and manufacturing costs, annual operating cost and sales revenue, 
and net present values (NPVs) of the designs. Figure 3.10 depicts a comparative chart 
of NPVs for various configurations. 
 From the results, it is clear that the loss of formic acid has a significant effect on 
the profitability of the plant (Design 5). Hence, recovery of formic acid is imperative 
to improve the economic feasibility of the solvent-based Biofine process. 
 Figure 3.11 shows the analysis of manufacturing costs for Design 4. It is clear that 
there are no bottlenecks in the design that have a significant impact on the total cost of 
the plant. 
 Design 4 has the highest NPV and the lowest total capital investment among 
Designs 1-4. Therefore, Design 4 is the best design based on evaporation/distillation 
separation methodology and the best overall design. 
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Figure 3.10 Net present values of case studies of Biofine process 
 
Figure 3.11 Manufacturing costs for Design 4 
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  Design 1 Design 2 Design 3 Design 4 Design 5 
Purchased Cost 
          
Feedstock Handling 16.5 17.2% 22.5 15.4% 18.2 17.3% 15.9 19.2% 15.8 21.9% 
Biofine Process 37.3 38.9% 47.5 32.6% 41.3 39.1% 31.3 37.8% 12.3 17.1% 
Boiler 37.8 39.5% 68.9 47.3% 42.5 40.3% 33.0 39.8% 39.4 54.7% 
Wastewater Treatment 1.1 1.1% 1.2 0.8% 0.9 0.9% 0.7 0.8% 2.6 365.0% 
Utilities 3.1 3.2% 5.6 3.8% 2.5 2.4% 2.0 2.4% 1.7 2.4% 
Total Purchased Cost 95.8 145.8 105.5 82.9 72.0 
Total Direct Cost 175.2 271.8 204.5 156.8 141.7 
Total Indirect Cost 105.1 163.1 122.7 94.1 85.0 
Fixed Capital 
Investment 
280.3 434.8 327.2 250.8 226.6 
Total Capital 
Investment 
299.6 464.7 349.7 268.0 242.2 
Operating Costs 
          
Feedstock + Handling 12.0 6.1% 12.0 5.7% 12.0 6.0% 12.0 6.2% 12.0 5.7% 
Other Raw Materials 4.9 2.5% 16.2 7.7% 7.3 3.7% 3.1 1.6% 49.7 23.6% 
Waste Disposal 2.0 1.0% 4.5 2.2% 2.6 1.3% 1.7 0.9% 1.7 0.8% 
Fixed Costs 9.4 4.8% 14.2 6.8% 11.3 5.7% 8.5 4.4% 6.9 3.3% 
Capital Depreciation 9.3 4.7% 14.5 6.9% 10.9 5.5% 8.4 4.3% 7.6 3.6% 
Average Income Tax 159.1 80.9% 147.7 70.6% 155.8 77.9% 161.1 82.7% 132.6 63.0% 
Annual Operating Cost 196.7 209.1 199.9 194.8 210.5 
Annual Sales Revenue  521.0 521.0 521.0 520.9 482.3 
Net Present Value 2659.8 2413.8 2590.9 2703.5 2214.8 
Table 3.10 Results of economic evaluation of Biofine process (million USD)
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4 PROCESS SYNTHESIS AND 
TECHNOECONOMIC ANALYSIS OF AN 
INTEGRATED BIOREFINERY 
4.1 Introduction 
In this chapter, we develop an integrated biorefinery around the Biofine process with 
LA as the primary platform chemical. Products of the biorefinery are adipic acid (ADA) 
and lactic acid (LAA). We utilize the technologies described in Section 1.4.1. Our goal 
is to develop process flowsheets for the different lab- and pilot-scale technologies, 
synthesize process configurations for Biofine process, and estimate economic 
performance of case studies. The chapter is organized as follows. First, we develop the 
PFDs for the different processes except Biofine process in section 4.1. Next, we 
synthesize process configurations of Biofine process in section 4.2. Finally, in section 
4.3, we describe the economic analyses of the various case studies. 
4.2 Synthesis of Bio-based Processes 
In this section, we develop process flowsheets for the technologies described in 
Section 1.4.1. A summary of the reaction yields for these processes is given in Table 
4.1. Additional stream data and Aspen simulation models can be found in Appendices 
A and B. 
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Table 4.1 Summary of reaction yields 
Process Reaction Yield 
Acid Pretreatment 91.3% 
Xylose to LAA 51% 
Biofine 80% 
LA to gVL 92% 
gVL to pentenoic acid 10% 
Pentenoic acid to ADA 70% 
4.2.1 Acid Pretreatment 
Zhang et al. [24] described an acid-catalyzed pretreatment process at low acid 
concentrations to facilitate the direct use of hydrolyzate in subsequent fermentation 
steps. After feedstock preprocessing, the biomass is mixed with hot water containing 
0.5% (w/v) sulfuric acid and 0.2% (w/v) phosphoric acid and fed to the pretreatment 
reactor along with low-pressure (LP) steam. This results in the hydrolysis of 
hemicellulose to xylose. Small quantities of furfural, glucose and tar are also formed. 
 The hydrolyzate slurry is then flash-cooled in a blowdown tank. The acidic slurry 
is neutralized with caustic soda and filtered to remove cellulose-rich solids, which are 
sent to the Biofine section. The xylose mixture is cooled to 30°C and nanofiltered to 
increase its concentration to 10% (w/w). [51] Permeate from nanofiltration and 
condensed flash vapor from blowdown tank are sent to the wastewater treatment 
section. A PFD of the pretreatment section is presented in Figure 4.1.  The main 
features of the developed simulation model are: 
i. Flow rates of low-pressure steam (6.9 bar) and process water are optimally 
adjusted to maintain the temperature of the pretreatment reactor at 160°C and a 
liquid to solid ratio of 20 ml/g 
ii. We use a novel nanofiltration process to reduce cost of concentrating xylose 
Table 4.2 gives the operating parameters of the pretreatment reactor. 
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Table 4.2 Operating parameters of pretreatment reactor 
Pressure (bar) 6.2 
Temperature (°C) 160 






Chapter 4 Process Synthesis and Technoeconomic 






Figure 4.1Acid pretreatment process 
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4.2.2 Xylose to Lactic Acid 
Puah et al. [25] demonstrated the use of a novel two-in-one bioreactor for improved 
production of lactic acid from xylose using immobilized xylose isomerase and 
fermentation with Lactobacillus pentosus. A commercial growth medium (assumed as 
yeast and water) is autoclaved at 120°C for 20 min. A 10% (v/v) inoculum is applied 
in a culture tank for 16 hours at 30°C to grow seed bacteria. This is transferred to a 
novel fermenter with immobilized xylose isomerase. The fermenter is maintained at 
30°C for 55 hours in an anaerobic state by passing sterilized nitrogen. The pH is 
maintained at 6.0 by adding caustic soda or hydrochloric acid. Acetic acid is formed as 
a byproduct. 
 The product from the fermenter is ultrafiltered to remove proteins and bacteria, 
which are recycled. Permeate is sent to an ion exchange system to purify LAA. Next, 
we use reverse osmosis to increase concentration of LAA to 100 g/l. Finally, LAA is 
concentrated to 50% (w/w) in a multi-effect vacuum evaporation system. A PFD of the 
lactic acid production section is given in Figure 4.2. 
 Major assumptions for this section are: 
i. Glucose is completely consumed by bacteria and furfural has no inhibitory 
effect on their growth 
ii. The capital and operating expenses are estimated based on Gonzalez et al. [52], 
Humbird et al. [30], and available experimental data 
iii. We assume a single train for the batch fermentation section with a cycle time of 
56.9 hours 
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Figure 4.2 Xylose to lactic acid conversion process 
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4.2.3 LA to gVL 
Yan et al. [29] described a process to hydrogenate LA to gVL using methanol as a 
solvent and hydrogen over 5% Ru/C catalyst at 130°C for 160 min. Pressure in the 
reactor is maintained at 12 bar. We assume that gVL is the only product formed, as 
selectivity of gVL is 99%. 
 We use SRK property method to simulate the process. We distill the product 
mixture to remove water and methanol as distillate. The crude gVL stream is further 
distilled to obtain 99.99% pure gVL. We distill to such a high purity level to reduce 
recycle and catalyst requirements in downstream processes. Unconverted LA is 
recycled back to the reactor. We remove moisture from the methanol vapor stream 
using a molecular sieve and then recycle it back to the reactor. Figure 4.3 represents 
the PFD of the LA to gVL section. Table 4.3 gives the operating parameters of the 
hydrogenation reactor. 
Table 4.3 Operating parameters of hydrogenation reactor 
Pressure (bar) 12 
Temperature (°C) 130 
Residence Time (min) 160 
Reactions C5H8O3 + H2 → C5H8O2 + H2O 
Yield 92% 
 Key assumptions for this section are: 
i. Catalyst is assumed to have a lifetime of six months 
ii. Cost of molecular sieve is estimated from data available in Humbird et al. [30] 
  
Chapter 4 Process Synthesis and Technoeconomic 
Evaluation of an Integrated Biorefinery 
52 
 
Table 4.4 gives the main operating parameters for distillation columns in this design: 
Table 4.4 Operating parameters of LA to gVL columns 










COL-1 13 0.1 1.0 -12419.4 2280.5 
COL-2 30 0.7 0.9 -4213.9 3211.1 
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Figure 4.3 Levulinic acid to gVL conversion process 
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4.2.4 gVL to ADA 
Wong et al. [26] described a novel two-step process for the conversion of gVL to ADA. 
gVL is pumped to the reactor along with recycled gVL. Cyclic gVL is broken into 
aliphatic isomers of pentenoic acid over a Si-Al catalyst at 240°C and 3.6 bar for 100 
min with a 10% yield. The reactor product mixture is then distilled to recover the 
formed pentenoic acid as distillate. As pentenoic acid and gVL have similar boiling 
points, we require a very large distillation column (90 theoretical stages) to purify 
pentenoic acid. Unreacted gVL is recycled back to the reactor. As we use a very 
expensive homogeneous catalyst (palladium acetate) in the next step, we require highly 
pure pentenoic acid to reduce bleeds from the system. Also, as the temperatures of all 
process streams are above 175°C, we can generate different grades of steam to 
compensate for the use of externally purchased high pressure steam to maintain reactor 
temperature. 
 The produced pentenoic acid is mixed with diglyme (solvent), palladium acetate 
(catalyst), and water and sent to the reactor with carbon monoxide. Pentenoic acid is 
carbonylated to form ADA at 105°C and 20 bar for 2 hours. Crude ADA from the 
reactor is crystallized in two crystallizers and centrifuged to recover 99.6% pure ADA 
crystals. The remaining mixture is recycled back to the reactor. Figure 4.4 depicts the 
PFD of this section. Tables 4.5 and 4.6 give the operating parameters of the two 
reactors. 
Table 4.5 Operating parameters of decyclization reactor 
Pressure (bar) 3.6 
Temperature (°C) 240 
Residence Time (min) 100 
Reactions C5H8O2 → C5H8O2 
Yield 10% 
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Table 4.6 Operating parameters of carbonylation reactor 
Pressure (bar) 20 
Temperature (°C) 105 
Residence Time (min) 120 
Reactions C5H8O2 + CO + H2O → C6H10O4 
Yield 70% 
The key assumptions for this section are: 
i. 5% by weight of Si-Al catalyst is replenished annually 
ii. Small amount of tar is formed during gVL to pentenoic acid. It is assumed to 
be removed by gravity settling from the reactor itself. 
iii. Palladium acetate has a turnover number of 200000. This has been proved with 
lab experiments at ICES. 
iv. No byproducts are formed 
Table 4.7 gives the main operating parameters for distillation columns in this 
design 
Table 4.7 Operating parameters of gVL to ADA columns 










COL-1 90 21.4 0.1 -354291.5 144538.4 
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Figure 4.4 gVL to adipic acid conversion process
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4.3 Synthesis of Biofine Process 
In this biorefinery, the Biofine process deals with a feed containing only cellulose and 
lignin. Therefore, furfural is not produced and we remove the furfural recovery 
sections from each of the five novel process configurations described in section 3.5 to 
develop alternate configurations for this biorefinery. 
 As Designs 3 and 4 essentially become same after removal of the furfural recovery 
section, only four unique process configurations are possible: 
1) Design 6 – based on configuration described in section 3.5.1 
2) Design 7 – based on configuration depicted in section 3.5.2 
3) Design 8 – based on configuration explained in section 3.5.4 
4) Design 9 – based on configuration portrayed in section 3.5.5 
 The PFDs of these designs are given in Figures 4.5, 4.6, 4.7, and 4.8. Similar mass 
and heat integration methods as explained in section 3.5.6 are used to reduce utility 
consumption. 
Table 4.8 gives the main operating parameters for the evaporators and columns in 
Design 6, 7, 8, and 9. 



























D6-COL-1 70 0.6 0.9 -54956.1 68680.3  
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D6-COL-2 25 4.0 0.5 -9420.7 8325.5  
D6-COL-3 6 0.1 0.6 -3000.1 2998.3  
D6-COL-4 15 2.5 0.8 -12235.6 12166.3  
D7-COL-1 11 0.5 1.0 -100923.4 25480.2  
D7-COL-2 15 2.5 0.8 -12240.4 12166.6  
D7-COL-3 70 0.6 0.9 -58266.1 91640.2  
D7-COL-4 12 3.1 0.5 -7672.0 6722.3  
D8-COL-1 70 0.6 0.9 -34260.6 67570.2  
D8-COL-2 7 0.1 0.7 -4955.5 3829.4  
D8-COL-3 12 3.1 0.5 -7677.1 7919.6  
D8-COL-4 15 2.5 0.8 -12236.0 12166.8  
D9-COL-1 62      
D9-COL-2 15 0.0 0.9 13716.1 -12265.3  
D9-COL-3 11 0.0 0.5 -8775.2 10365.2  
D9-COL-4 9 0.0 0.0 -2507.9 7264.5  
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Figure 4.5 Biofine process – Design 6 
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Figure 4.6 Biofine process – Design 7 
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Figure 4.7 Biofine process – Design 8  
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Figure 4.8 Biofine process – Design 9  
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4.4 Mass and Heat Integration 
For all processes developed in the previous subsections, we recycle unconverted 
reactants and reduce operational costs. In addition, we perform manual heat integration 
studies on individual sections to reduce utility consumption. We match hot streams 
with cold streams with a minimum approachable temperature of 10°C. In addition, we 
use feed preheaters before reactors and distillation columns to reduce utility 
consumption. Preference is given to condensing streams to reduce cost of heat 
exchangers. Table 4.9 gives a list of heat exchangers that we have selected for heat 
integration. For example, heat exchanger H-4B of Design 6 can be heated using the 
condensing stream from S-4 condenser of Design 6. We also reduced utility 
requirements by changing design specifications. For example, to match requirements 
of hot utility in Design 6 and 7, steam flow to the turbine was reduced; condensing 
extra steam to provide necessary heating requirement. 
Table 4.9  Selected exchangers for heat integration 
Name 
Temperature (°C) 
Heat Duty (MW) 
Inlet Outlet 
Design 6 
H-2 147.2 98.0 -5.5 
H-4A 101.1 115.3 1.3 
H-4B 115.3 133.9 12.2 
H-5 44.1 115.3 0.5 
H-9 123.1 137.2 0.6 
Evaporator 1 98.1 123.5 2.7 
S-4 Condenser 125.5 125.3 -55.0 
Chapter 4 Process Synthesis and Technoeconomic 





Heat Duty (MW) 
Inlet Outlet 
Design 6 
S-7 Condenser 178.5 178.0 -12.2 
S-5 Reboiler 67.8 70.1 8.3 
Design 7 
H-2 147.2 98.0 -5.6 
H-3A 98.1 111.8 42.7 
H-3B 111.8 167.6 12.2 
H-6 40.9 115.3 8.5 
H-7 67.3 115.3 0.3 
H-9 125.4 137.2 0.5 
S-4 Condenser 178.5 177.5 -12.2 
S-5 Condenser 125.5 125.3 -58.3 
S-6 Reboiler 66.9 67.1 6.7 
Design 8 
H-2A 147.2 140.2 -0.9 
H-3A 98.1 115.3 1.8 
H-3B 115.3 136.1 12.2 
H-4 67.3 115.3 0.3 
H-8A 100.1 115.3 0.6 
H-8B 115.3 137.2 0.9 
S-3 Condenser 125.5 125.3 -23.7 
S-6 Condenser 178.5 177.9 -12.2 
S-5 Reboiler 66.9 67.1 7.9 
Design 9 
H-1A 30.0 124.5 3.5 
H-1B 124.5 137.3 0.5 
Chapter 4 Process Synthesis and Technoeconomic 





Heat Duty (MW) 
Inlet Outlet 
Design 9 
H-2 147.3 98.0 -5.7 
H-3 159.7 134.5 -0.5 
S-6 Reboiler 120.6 121.0 10.4 
Pretreatment 
H-1 30.0 90.0 98.3 
H-3 100.1 100.0 -25.5 
LA to gVL 
H-1A 62.6 71.6 4.2 
S-4 condenser 209.2 208.4 -4.2 
 
4.5 Economic Evaluation of Integrated Biorefinery 
Capital cost estimations of all technologies described in the previous sections (except 
xylose to LAA) are carried out using Aspen Process Economic Analyzer®. Capital 
cost for the xylose to LAA conversion process is estimated based on Gonzalez et al. 
[52], Humbird et al. [30], and available experimental data. Appropriate materials of 
construction are chosen according to stream composition and temperature. 
 The integrated biorefinery consists of a feedstock handling section, the acid 
pretreatment section, the xylose to LAA section, the Biofine process, the LA to gVL 
section, the gVL to ADA section, a wastewater treatment section, boiler, and a utilities 
section. Discounted cash flow analyses of the different designs are carried out. Table 
4.10 gives the breakdown of capital investments, manufacturing costs, and net present 
values (NPVs) of the designs. Figure 4.9 depicts a comparative chart of NPVs for 
various configurations. 
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 Design 6 has the highest NPV and the lowest total capital investment among 
Designs 6-9. Therefore, Design 6 is the best design based on evaporation/distillation 
separation methodology and the best overall design. This runs contrary to results of the 
previous section. Two reasons might explain this – there are lesser opportunities for 
heat integration due to lower requirement of hot utilities, and cheaper materials of 
construction more than outweigh the slightly increased requirement of hot utilities. 
 The results clearly indicate that the loss of formic acid in Design 9 has a severe 
effect on the profitability of the plant, which is even more prominent than in the 
previous section. Therefore, we can conclude that for an integrated biorefinery, it is 
vital that we recover every possible byproduct for revenue generation. 
 A close look at manufacturing costs of ADA (given in Table 4.10 and Figure 4.10) 
reveals that the high-pressure steam (60.8 bar) accounts for nearly 50% of total 
operating cost. Most of this steam is required to maintain temperature of the gVL to 
pentenoic acid reactor. Hence, reduction in the heating demand of this reactor can lead 
to significant savings. 
 
Figure 4.9 Net present values of case studies of integrated biorefinery 
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Figure 4.10 Manufacturing costs for Design 6 
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Table 4.10 Results of economic evaluation of integrated biorefinery (million USD) 
  Design 6 Design 7 Design 8 Design 9 
Purchased Cost 
        
Feedstock Handling 15.8 5.6% 15.8 5.6% 15.8 5.6% 15.8 5.9% 
Acid Pretreatment 25.8 9.2% 25.8 9.2% 25.8 9.2% 25.8 9.6% 
Xylose to LAA 17.3 6.2% 17.3 6.2% 17.3 6.1% 17.3 6.4% 
Biofine Process 26.0 9.2% 26.2 9.3% 26.3 9.3% 11.2 4.2% 
LA to gVL 32.6 11.6% 32.6 11.6% 32.6 11.6% 32.6 12.1% 
gVL to Pentenoic Acid 61.7 21.9% 61.7 22.0% 61.7 21.9% 61.7 23.0% 
Pentenoic Acid to ADA 7.9 2.8% 7.9 2.8% 7.9 2.8% 7.9 2.9% 
Boiler 66.0 23.5% 65.0 23.2% 65.9 23.4% 67.8 25.2% 
Wastewater Treatment 12.6 4.5% 12.7 4.5% 12.6 4.5% 13.1 4.9% 
Utilities 15.6 5.5% 15.7 5.6% 15.6 5.5% 15.6 5.8% 
Total Purchased Cost 281.3 280.6 281.5 268.8 
Total Direct Cost 531.6 532.8 534.1 513.5 
Total Indirect Cost 319.0 319.7 320.5 308.1 
Fixed Capital Investment 850.6 852.5 854.5 821.7 
Total Capital Investment 909.1 911.1 913.3 878.1 
Manufacturing Costs 
        
Feedstock + Handling 12.0 1.5% 12.0 1.5% 12.0 1.5% 12.0 1.5% 
Misc. Chemicals 109.7 13.6% 109.7 13.6% 109.7 13.6% 109.7 13.4% 
Steam (60.75 bar) 388.3 48.2% 388.3 48.3% 388.3 48.2% 390.9 47.7% 
Other Raw Materials 178.5 22.2% 178.6 22.2% 178.4 22.2% 215.4 26.3% 
Waste Disposal 1.6 0.2% 1.6 0.2% 1.6 0.2% 1.6 0.2% 
Fixed Costs 32.3 4.0% 32.5 4.0% 32.5 4.0% 30.9 3.8% 
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  Design 6 Design 7 Design 8 Design 9 
Capital Depreciation 28.4 3.5% 28.4 3.5% 28.5 3.5% 27.4 3.3% 
Average Income Tax 54.4 6.8% 52.7 6.6% 54.2 6.7% 30.8 3.8% 
Annual Operating Cost 805.2 803.8 805.2 818.7 
Annual Sales Revenue  978.5 973.9 978.4 944.2 




5 CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
From the results of Chapter 3, we can draw the following significant conclusions with 
regard to the Biofine process: 
i. We were unable to substantiate the claims of Hayes et al. [12] 
ii. Design 4 was evaluated to be the best overall design. This is because there is 
maximum possible heat integration and lowest requirement of hot utilities.  
iii. Design 5 turned out to be the worst design as we do not recover formic acid in 
this design. Hence, it is important to note that even if Design 5 is the least 
capital-intensive, we cannot necessarily guarantee it to be the best design. 
Therefore, we should recover every byproduct to make the Biofine process 
more economically attractive. 
The analysis of the results of Chapter 4 gives some interesting insights into the 
economics of the integrated biorefinery. 
a. Design 6 was evaluated to be the best overall design. This seems to run in 
contrary to results of the previous section. We can explain this in two ways – 
there are lesser opportunities for heat integration due to lower requirement of 
hot utilities, and cheaper materials of construction more than outweigh the 
slightly increased requirement of hot utilities. 
b. Similar to Chapter 3, Design 9 again turned out to be the worst design. 
However, the effect of non-recovery of formic acid is even more pronounced 
on economic performance of the biorefinery, 




c. High-pressure steam requirement for the gVL-pentenoic acid section accounted 
for nearly 50% of the manufacturing costs of ADA. Therefore, any reduction in 
this demand will have a significant impact on cost savings.  
5.2 Recommendations 
Due to assumptions taken at various stages during this thesis, there might be 
substantial errors in the calculated results. To improve the developed simulation 
models and processes, the following future works may be considered: 
1. Include water-sulfuric acid azeotrope in simulation models of the Biofine 
process and study its influence on overall performance 
2. Development of novel solvents for simultaneous recovery of furfural, formic 
acid, and levulinic acid 
3. Detailed technoeconomic analysis of the xylose to LAA fermentation section 






6 APPENDIX A – SIMULATION FILES 
































































































7 APPENDIX B – STREAM DATA 
The stream data includes temperature (°C), pressure (bar), and mass flow rates (metric tons per day, TPD) of individual components. 













































5 185.0 10.7 295.0 0.0 0.0 39.7 7.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





7 145.7 4.1 309.6 0.0 0.0 47.5 8.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 














































11 98.1 1.0 2421.2 103.4 0.0 166.3 199.4 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12 98.1 1.1 2421.2 103.4 0.0 166.3 199.4 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
13 124.4 1.1 2332.9 0.7 0.0 149.1 178.7 40.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14 124.4 1.1 88.3 102.7 0.0 17.2 20.7 500.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 185.0 1.1 79.7 1.8 0.0 10.8 16.1 43.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 185.0 1.1 8.6 100.9 0.0 6.4 4.6 456.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17 113.8 1.6 3088.2 2.5 0.0 0.0 345.2 85.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 97.4 1.0 629.1 0.0 0.0 338.9 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 98.1 1.0 26.9 0.0 0.0 257.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20 98.1 1.0 602.2 0.0 0.0 82.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21 101.7 1.0 629.1 0.0 0.0 85.5 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22 97.8 1.0 28.3 0.0 0.0 17.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23 95.2 1.0 26.9 0.0 0.0 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 95.2 1.0 1.4 0.0 0.0 13.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 96.3 1.0 1.4 0.0 0.0 13.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26 133.7 2.9 3088.2 2.5 0.0 0.0 345.2 85.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27 125.3 2.3 2149.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 146.8 3.0 86.3 2.5 0.0 0.0 345.2 85.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
29 70.3 0.2 62.4 2.5 0.0 0.0 130.3 85.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 185.2 0.1 0.0 103.4 0.0 0.0 0.0 541.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
31 43.4 0.1 71.0 0.0 0.0 6.4 134.9 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
32 108.5 1.1 71.0 0.0 0.0 6.4 134.9 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
33 218.6 0.1 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
34 40.0 0.1 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
































39 125.3 2.3 1597.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
40 135.7 5.1 1597.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
41 134.4 5.1 1597.9 105.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





0.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 0.2 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 
AIR-OUT1 59.9 7.0 2.3 0.0 0.0 0.1 0.0 0.0 98.7 
29.
6 
0.0 0.0 0.0 0.0 0.0 
AIR-OUT2 40.0 16.0 0.2 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 




FA 60.5 1.0 23.9 0.0 0.0 0.0 214.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FURFURA
L 
40.0 1.1 0.0 0.0 0.0 253.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HPSTEAM 229.4 27.6 902.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LA 130.0 1.0 0.0 0.0 0.0 0.0 0.0 541.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SA 30.0 1.0 7.9 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





WASH 30.0 1.0 464.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 1590.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 



















N2 O2 CELLULOS XYLAN LIGNIN ASH TAR 
1 135.9 5.1 1602.6 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 99.3 25.0 2102.6 105.0 0.0 0.0 0.0 0.0 0.0 0.0 960.0 440.0 500.0 100.0 0.0 
3 210.0 25.0 3013.3 105.0 1066.7 320.0 0.0 0.0 0.0 0.0 0.0 0.0 500.0 100.0 0.0 
4 185.0 10.7 3062.7 105.0 0.0 256.0 218.0 550.0 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
5 185.0 10.7 294.9 0.0 0.0 39.7 7.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6 185.0 10.7 2767.7 105.0 0.0 216.3 210.5 549.4 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
7 145.7 4.1 309.6 0.0 0.0 47.5 8.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8 145.7 4.1 2458.1 105.0 0.0 168.8 202.4 549.1 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
9 98.0 4.1 2458.1 105.0 0.0 168.8 202.4 549.1 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
10 98.1 1.0 36.9 1.6 0.0 2.5 3.0 8.2 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
11 167.5 1.0 2421.2 103.4 0.0 166.3 199.4 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12 38.8 0.1 3025.8 0.0 0.0 253.4 214.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
13 184.5 0.1 0.0 103.4 0.0 0.1 0.0 541.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14 218.6 0.1 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 40.0 0.1 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 40.1 1.0 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17 99.5 1.0 3025.8 0.0 0.0 253.4 214.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 101.4 1.0 3025.8 0.0 0.0 0.0 214.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 97.4 1.0 629.2 0.0 0.0 339.9 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20 97.8 1.0 26.9 0.0 0.0 257.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 


















N2 O2 CELLULOS XYLAN LIGNIN ASH TAR 
22 98.4 1.0 629.2 0.0 0.0 86.5 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23 97.8 1.0 30.7 0.0 0.0 41.5 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 95.2 1.0 26.9 0.0 0.0 3.7 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 95.2 1.0 3.8 0.0 0.0 37.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26 96.5 1.0 3.8 0.0 0.0 37.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27 101.4 2.9 3025.8 0.0 0.0 0.0 214.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 125.3 2.3 2616.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
29 143.9 3.0 88.3 0.0 0.0 0.0 353.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 67.1 0.2 64.5 0.0 0.0 0.0 138.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
31 67.2 1.0 64.5 0.0 0.0 0.0 138.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
32 115.3 3.0 64.5 0.0 0.0 0.0 138.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
35 125.3 2.3 1602.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
36 137.2 5.1 1602.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
36A 125.4 5.1 1602.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
37 40.6 5.1 0.1 105.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
38 135.9 5.1 1602.6 105.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-IN-1 30.0 1.0 3.0 0.0 0.0 0.0 0.0 0.0 102.1 30.8 0.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 0.2 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 
AIR-OUT1 59.9 7.0 2.3 0.0 0.0 0.1 0.0 0.0 98.7 29.6 0.0 0.0 0.0 0.0 0.0 
AIR-OUT2 40.0 16.0 0.2 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 
BIOMASS 30.0 1.0 500.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 960.0 440.0 500.0 100.0 0.0 
FA 60.5 1.0 23.9 0.0 0.0 0.0 214.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FURFURA
L 
40.0 1.0 0.0 0.0 0.0 253.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 


















N2 O2 CELLULOS XYLAN LIGNIN ASH TAR 
LA 130.0 1.0 0.0 0.0 0.0 0.1 0.0 541.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SA 30.0 1.0 7.9 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SOLIDS 59.9 7.0 502.5 1.6 0.0 2.5 3.0 8.2 3.4 1.2 0.0 0.0 500.0 100.0 313.3 
WASH 30.0 1.0 464.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 1594.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATER 125.3 2.3 1014.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATER2 100.0 1.0 385.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 




























1 134.4 5.1 1597.9 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 













5 185.0 10.7 295.0 0.0 0.0 39.7 7.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





7 145.7 4.1 309.6 0.0 0.0 47.5 8.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 














































11 98.1 1.0 2421.2 103.4 0.0 166.3 199.4 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12 102.0 1.1 2421.2 103.4 0.0 166.3 199.4 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 136.1 3.0 3025.8 103.4 0.0 0.0 214.9 541.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 97.4 1.0 629.1 0.0 0.0 339.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17 98.0 1.0 26.9 0.0 0.0 257.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 98.0 1.0 602.2 0.0 0.0 82.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 98.4 1.0 629.1 0.0 0.0 85.6 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20 97.8 1.0 28.4 0.0 0.0 19.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21 95.1 1.0 26.9 0.0 0.0 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22 95.1 1.0 1.5 0.0 0.0 15.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23 96.2 1.0 1.5 0.0 0.0 15.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 125.3 2.3 3001.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 162.3 3.0 87.0 103.4 0.0 0.0 348.2 541.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26 185.2 0.1 0.0 103.4 0.0 0.0 0.0 541.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27 41.3 0.1 87.0 0.0 0.0 0.0 348.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 41.3 0.2 87.0 0.0 0.0 0.0 348.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
29 67.1 0.2 63.2 0.0 0.0 0.0 133.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 115.3 3.0 63.2 0.0 0.0 0.0 133.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
31 218.6 0.1 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
32 40.0 0.1 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
































34 100.0 1.0 3001.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
35 100.0 1.0 3001.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
36 100.0 1.0 1597.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
37 135.7 5.1 1597.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
38 40.6 5.1 0.1 105.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
39 134.4 5.1 1597.9 105.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





0.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 0.2 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 
AIR-OUT1 59.9 7.0 2.3 0.0 0.0 0.1 0.0 0.0 98.7 
29.
6 
0.0 0.0 0.0 0.0 0.0 
AIR-OUT2 40.0 16.0 0.2 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 




FA 60.5 1.0 23.9 0.0 0.0 0.0 214.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FURFURA
L 
40.0 1.1 0.0 0.0 0.0 253.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HPSTEAM 229.4 27.6 902.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LA 130.0 1.0 0.0 0.0 0.0 0.0 0.0 541.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SA 30.0 1.0 7.9 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





WASH 30.0 1.0 464.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 1590.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 






























1 134.4 5.1 1597.9 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 98.2 25.0 2097.9 105.0 0.0 0.0 0.0 0.0 0.0 0.0 960.0 440.0 500.0 100.0 0.0 
3 210.0 25.0 3013.3 105.0 1066.7 320.0 0.0 0.0 0.0 0.0 0.0 0.0 500.0 100.0 0.0 
4 185.0 10.7 3062.7 105.0 0.0 256.0 218.0 550.0 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
5 185.0 10.7 295.0 0.0 0.0 39.7 7.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6 185.0 10.7 2767.7 105.0 0.0 216.3 210.5 549.4 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
7 145.7 4.1 309.6 0.0 0.0 47.5 8.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8 145.7 4.1 2458.1 105.0 0.0 168.8 202.4 549.1 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
9 98.0 4.1 2458.1 105.0 0.0 168.8 202.4 549.1 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
10 98.1 1.0 36.9 1.6 0.0 2.5 3.0 8.2 0.0 0.0 0.0 0.0 500.0 100.0 313.3 
11 98.1 1.0 2421.2 103.4 0.0 166.3 199.4 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12 134.5 2.9 2421.2 103.4 0.0 166.3 199.4 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
13 142.1 2.9 309.6 0.0 0.0 47.5 8.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14 169.5 2.9 295.0 0.0 0.0 39.7 7.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 101.3 1.1 3002.0 0.0 0.0 253.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 162.2 3.0 87.8 103.4 0.0 1.0 351.2 541.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17 41.3 0.1 87.8 0.0 0.0 1.0 351.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 185.2 0.1 0.0 103.4 0.0 0.0 0.0 541.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 41.3 0.2 87.8 0.0 0.0 1.0 351.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20 67.1 0.2 64.0 0.0 0.0 1.0 136.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





























22 218.6 0.1 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23 40.0 0.1 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 40.1 1.0 0.0 103.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 105.0 1.2 3001.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26 97.6 1.0 629.5 0.0 0.0 338.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27 98.4 1.0 27.0 0.0 0.0 257.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 98.4 1.0 602.4 0.0 0.0 82.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
29 98.6 1.0 629.4 0.0 0.0 85.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 97.8 1.0 28.6 0.0 0.0 19.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
31 95.2 1.0 27.0 0.0 0.0 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
32 95.2 1.0 1.6 0.0 0.0 15.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
33 96.2 1.0 1.6 0.0 0.0 15.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
34 105.0 1.2 1597.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
35 135.7 5.1 1597.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-IN-1 30.0 1.0 3.0 0.0 0.0 0.0 0.0 0.0 102.1 30.8 0.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 0.2 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 
AIR-
OUT1 
59.9 7.0 2.3 0.0 0.0 0.1 0.0 0.0 98.7 29.6 0.0 0.0 0.0 0.0 0.0 
AIR-
OUT2 
40.0 16.0 0.2 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 
BIOMASS 30.0 1.0 500.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 960.0 440.0 500.0 100.0 0.0 
FA 60.5 1.0 23.8 0.0 0.0 0.0 214.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FURFUR
AL 
40.0 1.1 0.0 0.0 0.0 253.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HPSTEA
M 





























LA 130.0 1.0 0.0 0.0 0.0 0.0 0.0 541.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SA 30.0 1.0 7.9 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SOLIDS 59.9 7.0 502.5 1.6 0.0 2.5 3.0 8.2 3.4 1.2 0.0 0.0 500.0 100.0 313.3 
WASH 30.0 1.0 464.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 1590.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATER 105.0 1.2 1404.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 



































1 132.6 5.1 1577.3 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 













5 185.0 10.7 317.3 0.0 0.0 42.5 8.1 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





7 145.8 4.1 297.7 0.0 0.0 45.6 7.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 





















































11 98.0 1.0 2411.0 103.4 0.0 165.4 199.1 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12 98.1 3.0 2411.0 103.4 0.0 165.4 199.1 540.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
13 142.6 3.0 297.7 0.0 0.0 45.6 7.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14 170.3 3.0 317.3 0.0 0.0 42.5 8.1 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 132.3 3.0 615.0 0.0 0.0 88.1 15.9 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17 121.0 3.1 0.3 0.0 0.0 15.4 40.1 0.1 
2802.
3 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 99.8 3.1 2766.1 0.0 0.0 6.5 201.7 0.0 311.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 91.8 3.0 260.1 0.0 0.0 262.4 53.4 541.8 
2491.
1 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20 210.6 1.2 0.0 0.0 0.0 247.0 0.0 541.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21 70.4 1.0 260.1 0.0 0.0 15.4 53.4 0.1 
2491.
1 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22 93.7 3.0 231.4 0.0 0.0 16.0 47.6 0.1 
4634.
5 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23 93.7 3.0 342.8 0.0 0.0 0.4 16.5 0.0 36.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 121.0 3.1 0.3 0.0 0.0 15.4 40.1 0.1 
2802.
3 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 103.6 3.0 231.1 0.0 0.0 0.7 7.4 0.0 
1832.
2 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26 103.3 3.0 314.1 0.0 0.0 1.1 10.7 0.0 
2179.
5 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27 134.7 3.1 3025.9 0.0 0.0 6.5 215.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 103.6 3.0 83.0 0.0 0.0 0.4 3.2 0.0 347.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 







































30 40.0 3.0 3025.9 103.4 0.0 6.5 215.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-
IN-1 
30.0 1.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 101.8 30.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-
IN-2 
30.0 1.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 6.8 2.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-
OUT1 
59.2 7.0 2.3 0.0 0.0 0.1 0.0 0.0 0.0 98.9 29.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-
OUT2 














40.0 1.0 0.0 0.0 0.0 247.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HPST
EAM 
229.9 27.6 922.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 




119.8 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SA 30.0 1.0 7.9 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SOLI
DS 





W 30.0 5.1 1569.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WAS
H 













































80.1 3.0 3419.2 0.0 0.0 6.5 0.0 0.0 0.0 0.0 0.0 0.0 317.6 149.8 0.0 0.0 0.0 0.0 0.0 






WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
1 97.2 1.0 1654.8 82.1 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
2 96.4 25.0 1654.8 82.1 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
3 210.0 25.0 2240.7 82.1 1045.3 0.0 0.0 0.0 0.0 0.0 500.0 100.0 22.7 
4 185.0 10.4 2324.3 82.1 0.0 213.6 539.0 0.0 0.0 0.0 500.0 100.0 231.7 
5 185.0 10.4 320.1 0.0 0.0 12.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
6 185.0 10.4 2004.3 82.1 0.0 201.6 538.0 0.0 0.0 0.0 500.0 100.0 231.7 
7 147.2 4.1 224.1 0.0 0.0 8.7 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
8 147.2 4.1 1780.2 82.0 0.0 192.9 537.6 0.0 0.0 0.0 500.0 100.0 231.7 
9 98.0 4.1 1780.2 82.0 0.0 192.9 537.6 0.0 0.0 0.0 500.0 100.0 231.7 
10 98.1 1.0 26.7 1.2 0.0 2.9 8.1 0.0 0.0 0.0 500.0 100.0 231.7 
11 98.1 1.0 1753.5 80.8 0.0 190.0 529.6 0.0 0.0 0.0 0.0 0.0 0.0 
12 123.5 1.0 1671.5 0.4 0.0 166.4 31.6 0.0 0.0 0.0 0.0 0.0 0.0 
13 123.5 1.0 82.0 80.4 0.0 23.6 498.0 0.0 0.0 0.0 0.0 0.0 0.0 










WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
15 185.0 1.0 7.6 78.9 0.0 5.0 452.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 130.6 1.0 1745.9 1.9 0.0 185.0 77.6 0.0 0.0 0.0 0.0 0.0 0.0 
17 101.0 1.0 1745.9 1.9 0.0 185.0 77.6 0.0 0.0 0.0 0.0 0.0 0.0 
18 133.9 2.9 1745.9 1.9 0.0 185.0 77.6 0.0 0.0 0.0 0.0 0.0 0.0 
19 125.3 2.3 1538.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20 146.6 3.0 84.4 1.9 0.0 337.4 79.0 0.0 0.0 0.0 0.0 0.0 0.0 
21 70.1 0.2 61.0 1.9 0.0 126.8 79.0 0.0 0.0 0.0 0.0 0.0 0.0 
22 185.1 0.1 0.0 80.9 0.0 0.0 530.9 0.0 0.0 0.0 0.0 0.0 0.0 
23 43.9 0.1 68.5 0.0 0.0 131.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
24 115.3 3.0 68.5 0.0 0.0 131.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
25 218.6 0.1 0.0 80.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
26 40.0 0.1 0.0 80.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
27 39.9 1.0 0.1 82.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
28 40.6 5.1 0.1 82.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
29 100.0 1.0 1538.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 100.0 1.0 1538.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
31 100.0 1.0 76.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
32 137.2 5.1 812.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
33 135.2 5.1 812.9 82.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-IN-1 30.0 1.0 2.4 0.0 0.0 0.0 0.0 79.5 24.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 0.2 0.0 0.0 0.0 0.0 5.3 1.6 0.0 0.0 0.0 0.0 
AIR-OUT1 59.1 7.0 1.7 0.0 0.0 0.0 0.0 76.5 22.9 0.0 0.0 0.0 0.0 
AIR-OUT2 40.0 16.0 0.2 0.0 0.0 0.0 0.0 5.3 1.6 0.0 0.0 0.0 0.0 
BIOMASS 67.0 1.0 841.9 0.0 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 










WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
HPSTEAM 229.4 27.6 690.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LA 130.0 1.0 0.0 0.0 0.0 0.0 530.9 0.0 0.0 0.0 0.0 0.0 0.0 
SA 30.0 1.0 6.2 82.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SOLIDS 59.1 7.0 456.6 1.2 0.0 2.9 8.1 3.0 1.1 0.0 500.0 100.0 231.7 
WASH 30.0 1.0 429.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 806.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATER 100.0 1.0 1461.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 






WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
1 97.3 1.0 1655.2 82.1 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
2 96.6 25.0 1655.2 82.1 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
3 210.0 25.0 2240.7 82.1 1045.3 0.0 0.0 0.0 0.0 0.0 500.0 100.0 22.7 
4 185.0 10.4 2324.3 82.1 0.0 213.6 539.0 0.0 0.0 0.0 500.0 100.0 231.7 
5 185.0 10.4 320.1 0.0 0.0 12.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
6 185.0 10.4 2004.3 82.1 0.0 201.6 538.0 0.0 0.0 0.0 500.0 100.0 231.7 
7 147.2 4.1 224.1 0.0 0.0 8.7 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
8 147.2 4.1 1780.2 82.0 0.0 192.9 537.6 0.0 0.0 0.0 500.0 100.0 231.7 
9 98.0 4.1 1780.2 82.0 0.0 192.9 537.6 0.0 0.0 0.0 500.0 100.0 231.7 
10 58.8 1.0 456.0 1.2 0.0 2.9 8.1 0.0 0.0 0.0 500.0 100.0 231.7 
11 167.6 1.0 1753.5 80.8 0.0 190.0 529.6 0.0 0.0 0.0 0.0 0.0 0.0 










WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
13 184.9 0.1 0.0 80.9 0.0 0.0 530.9 0.0 0.0 0.0 0.0 0.0 0.0 
14 218.6 0.1 0.0 80.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
15 40.0 0.1 0.0 80.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
16 49.4 59.7 0.0 80.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
17 40.8 1.0 2297.6 0.0 0.0 210.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 115.3 2.9 2297.6 0.0 0.0 210.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 125.3 2.3 1251.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20 143.9 3.0 86.6 0.0 0.0 346.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21 67.1 0.2 63.2 0.0 0.0 135.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22 67.2 1.0 63.2 0.0 0.0 135.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23 115.3 3.0 63.2 0.0 0.0 135.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 100.0 1.0 1251.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26 125.3 2.3 813.2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27 137.2 5.1 813.2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 52.6 5.1 0.1 82.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
29 135.4 5.1 813.3 82.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-IN-1 30.0 1.0 2.4 0.0 0.0 0.0 0.0 79.5 24.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 0.2 0.0 0.0 0.0 0.0 5.3 1.6 0.0 0.0 0.0 0.0 
AIR-OUT1 59.1 7.0 1.7 0.0 0.0 0.0 0.0 76.5 22.9 0.0 0.0 0.0 0.0 
AIR-OUT2 40.0 16.0 0.2 0.0 0.0 0.0 0.0 5.3 1.6 0.0 0.0 0.0 0.0 
BIOMASS 67.0 1.0 841.9 0.0 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
FA 60.5 1.0 23.4 0.0 0.0 210.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HPSTEAM 229.4 27.6 690.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LA 130.0 1.0 0.0 0.0 0.0 0.0 530.9 0.0 0.0 0.0 0.0 0.0 0.0 










WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
SOLIDS 59.1 7.0 456.6 1.2 0.0 2.9 8.1 3.0 1.1 0.0 500.0 100.0 231.7 
WASH 30.0 1.0 429.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 807.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATER1 125.3 2.3 209.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATER2 100.0 1.0 1251.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 






WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
1 97.2 1.0 1654.8 82.1 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
2 96.4 25.0 1654.8 82.1 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
3 210.0 25.0 2240.7 82.1 1045.3 0.0 0.0 0.0 0.0 0.0 500.0 100.0 22.7 
4 185.0 10.4 2324.3 82.1 0.0 213.6 539.0 0.0 0.0 0.0 500.0 100.0 231.7 
5 185.0 10.4 320.1 0.0 0.0 12.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
6 185.0 10.4 2004.3 82.1 0.0 201.6 538.0 0.0 0.0 0.0 500.0 100.0 231.7 
7 147.2 4.1 224.1 0.0 0.0 8.7 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
8 147.2 4.1 1780.2 82.0 0.0 192.9 537.6 0.0 0.0 0.0 500.0 100.0 231.7 
9 98.0 4.1 1780.2 82.0 0.0 192.9 537.6 0.0 0.0 0.0 500.0 100.0 231.7 
10 98.1 1.0 26.7 1.2 0.0 2.9 8.1 0.0 0.0 0.0 500.0 100.0 231.7 
11 98.1 1.0 1753.5 80.8 0.0 190.0 529.6 0.0 0.0 0.0 0.0 0.0 0.0 
12 136.1 2.9 1753.5 80.8 0.0 190.0 529.6 0.0 0.0 0.0 0.0 0.0 0.0 










WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
14 169.5 2.9 320.1 0.0 0.0 12.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 125.3 2.3 2274.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 161.7 3.0 85.4 80.9 0.0 341.6 531.0 0.0 0.0 0.0 0.0 0.0 0.0 
17 41.8 0.1 85.4 0.0 0.0 341.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
18 185.0 0.1 0.0 80.9 0.0 0.0 530.9 0.0 0.0 0.0 0.0 0.0 0.0 
19 41.9 0.2 85.4 0.0 0.0 341.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
20 67.1 0.2 62.0 0.0 0.0 130.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
21 115.3 3.0 62.0 0.0 0.0 130.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
22 218.6 0.1 0.0 80.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
23 40.0 0.1 0.0 80.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
24 40.1 1.0 0.0 80.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
25 100.0 1.0 2274.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26 100.0 1.0 2274.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27 100.0 1.0 812.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 137.2 5.1 812.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-IN-1 30.0 1.0 2.4 0.0 0.0 0.0 0.0 79.5 24.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 0.2 0.0 0.0 0.0 0.0 5.3 1.6 0.0 0.0 0.0 0.0 
AIR-OUT1 59.1 7.0 1.7 0.0 0.0 0.0 0.0 76.5 22.9 0.0 0.0 0.0 0.0 
AIR-OUT2 40.0 16.0 0.2 0.0 0.0 0.0 0.0 5.3 1.6 0.0 0.0 0.0 0.0 
BIOMASS 67.0 1.0 841.9 0.0 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
FA 60.5 1.0 23.4 0.0 0.0 210.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HPSTEAM 229.4 27.6 690.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LA 130.0 1.0 0.0 0.0 0.0 0.0 530.9 0.0 0.0 0.0 0.0 0.0 0.0 
SA 30.0 1.0 6.2 82.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 










WATER SULFUR-A GLUCOSE FORMIC-A LEVULI-A N2 O2 CELLULOS LIGNIN ASH TAR 
WASH 30.0 1.0 429.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 806.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATER 100.0 1.0 1461.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 



























1 132.8 5.1 798.1 82.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 94.3 25.0 1640.0 82.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
3 210.0 25.0 2240.7 82.1 1045.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 500.0 100.0 22.7 
4 185.0 10.3 2324.3 82.1 0.0 213.6 539.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 500.0 100.0 231.7 
5 185.0 10.3 335.1 0.0 0.0 12.6 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6 185.0 10.3 1989.2 82.1 0.0 201.0 538.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 500.0 100.0 231.7 
7 147.3 4.1 216.8 0.0 0.0 8.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8 147.3 4.1 1772.4 82.0 0.0 192.6 537.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 500.0 100.0 231.7 
9 98.0 4.1 1772.4 82.0 0.0 192.6 537.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 500.0 100.0 231.7 
10 98.0 1.0 26.6 1.2 0.0 2.9 8.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 500.0 100.0 231.7 
11 98.0 1.0 1745.9 80.8 0.0 189.7 529.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12 98.1 3.0 1745.9 80.8 0.0 189.7 529.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
13 144.0 3.0 216.8 0.0 0.0 8.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14 170.2 3.0 335.1 0.0 0.0 12.6 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
15 134.5 3.0 551.9 0.0 0.0 21.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 































18 97.5 3.1 2103.7 0.0 0.0 197.8 0.0 241.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
19 89.2 3.0 194.2 0.0 0.0 50.8 530.9 1771.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21 70.5 1.0 194.2 0.0 0.0 50.8 0.1 1771.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22 94.3 3.0 169.2 0.0 0.0 45.0 0.1 3355.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23 94.3 3.0 256.6 0.0 0.0 16.1 0.0 27.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 121.0 3.1 0.2 0.0 0.0 37.8 0.1 2012.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25 103.6 3.0 169.0 0.0 0.0 7.1 0.0 1342.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26 103.3 3.0 231.6 0.0 0.0 10.3 0.0 1611.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27 134.9 3.1 2297.7 0.0 0.0 210.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
28 103.6 3.0 62.6 0.0 0.0 3.2 0.0 269.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
29 135.2 3.0 2297.7 80.9 0.0 210.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30 40.0 3.0 2297.7 80.9 0.0 210.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-IN-1 30.0 1.0 2.4 0.0 0.0 0.0 0.0 0.0 79.3 24.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 0.2 0.0 0.0 0.0 0.0 0.0 5.3 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-
OUT1 
58.5 7.0 1.7 0.0 0.0 0.0 0.0 0.0 76.7 23.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-
OUT2 
40.0 16.0 0.2 0.0 0.0 0.0 0.0 0.0 5.3 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIOMASS 67.0 1.0 841.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 940.8 500.0 100.0 22.7 
CSODA 30.0 3.0 249.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 249.1 0.0 0.0 0.0 0.0 0.0 0.0 
HPSTEA
M 
229.9 27.6 705.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LA 130.0 1.2 0.0 0.0 0.0 0.0 530.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MTHFMK
UP 
119.8 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 































SOLIDS 58.5 7.0 456.3 1.2 0.0 2.9 8.1 0.0 2.6 0.9 0.0 0.0 0.0 0.0 500.0 100.0 231.7 
WASH 30.0 1.0 429.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 792.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATER 86.0 3.0 2659.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 311.4 117.1 0.0 0.0 0.0 0.0 

































1 90.0 5.1 33575.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 88.3 1.0 34117.2 200.0 80.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 960.0 440.0 500.0 100.0 0.0 
3 88.4 6.2 34117.2 200.0 80.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 960.0 440.0 500.0 100.0 0.0 
4 164.6 6.2 5604.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5 159.9 6.2 39666.9 200.0 80.0 456.5 20.4 13.9 0.0 0.0 0.0 0.0 0.0 940.8 0.0 500.0 100.0 22.7 
6 100.1 1.0 39666.9 200.0 80.0 456.5 20.4 13.9 0.0 0.0 0.0 0.0 0.0 940.8 0.0 500.0 100.0 22.7 
7 100.1 1.0 4990.6 0.0 0.0 0.0 0.0 7.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8 100.1 1.0 34676.3 200.0 80.0 456.5 20.4 6.7 0.0 0.0 0.0 0.0 0.0 940.8 0.0 500.0 100.0 22.7 
9 92.0 1.0 34676.3 200.0 80.0 456.5 20.4 6.7 0.0 0.0 0.0 0.0 0.0 940.8 0.0 500.0 100.0 22.7 
10 97.7 1.0 35054.9 0.0 0.0 456.5 20.4 6.7 0.0 0.0 0.0 289.6 133.8 940.8 0.0 500.0 100.0 22.7 
11 78.1 7.0 35054.9 0.0 0.0 456.5 20.4 6.7 0.0 0.0 0.0 289.6 133.8 940.8 0.0 500.0 100.0 22.7 
12 78.1 1.0 525.8 0.0 0.0 6.8 0.3 0.1 0.0 0.0 0.0 4.3 2.0 940.8 0.0 500.0 100.0 22.7 
13 78.1 1.0 34529.1 0.0 0.0 449.6 20.1 6.6 0.0 0.0 0.0 285.3 131.8 0.0 0.0 0.0 0.0 0.0 
14 78.1 4.0 34529.1 0.0 0.0 449.6 20.1 6.6 0.0 0.0 0.0 285.3 131.8 0.0 0.0 0.0 0.0 0.0 





































16 65.0 29.4 855.1 0.0 0.0 6.8 0.3 0.1 0.0 0.0 0.0 4.3 2.0 940.8 0.0 500.0 100.0 22.7 
17 30.0 4.0 34529.1 0.0 0.0 449.6 20.1 6.6 0.0 0.0 0.0 285.3 131.8 0.0 0.0 0.0 0.0 0.0 
18 30.5 20.0 34529.1 0.0 0.0 449.6 20.1 6.6 0.0 0.0 0.0 285.3 131.8 0.0 0.0 0.0 0.0 0.0 
AIR-IN-1 30.0 1.0 26.0 0.0 0.0 0.0 0.0 0.0 0.0 263.2 871.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-IN-2 30.0 1.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 17.6 58.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-
OUT1 
67.0 7.0 28.6 0.0 0.0 0.0 0.0 0.0 0.0 261.6 866.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AIR-
OUT2 
40.0 16.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 17.6 58.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIOMAS
S 
30.0 1.0 500.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 960.0 440.0 500.0 100.0 0.0 
CSODA 30.0 1.0 261.1 0.0 0.0 0.0 0.0 0.0 261.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LPSTEA
M 
164.6 6.9 5604.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PA 30.0 1.0 26.7 0.0 80.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SA 30.0 1.0 15.1 200.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SOLIDS 67.0 7.0 852.5 0.0 0.0 6.8 0.3 0.1 0.0 1.6 4.6 4.3 2.0 940.8 0.0 500.0 100.0 22.7 
WASH 30.0 5.1 329.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WATER 30.0 5.1 33575.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATE
R-1 
100.0 1.0 4990.6 0.0 0.0 0.0 0.0 7.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WWATE
R-2 
30.5 1.0 30540.4 0.0 0.0 3.5 0.2 0.1 0.0 0.0 0.0 285.3 131.8 0.0 0.0 0.0 0.0 0.0 





7.11 LA to gVL 
 
Temperature C Pressure bar WATER LEVULI-A H2 MEOH GVL 
1 33.0 12.0 50.4 576.8 0.0 10024.6 0.0 
2 139.2 12.0 50.4 576.8 0.0 10024.6 0.0 
3 130.0 12.0 61.4 576.8 33.0 11014.0 0.6 
4 130.0 12.0 143.8 46.1 23.8 11014.0 458.1 
5 130.0 12.0 11.1 0.0 23.3 989.4 0.6 
6 114.5 1.2 132.7 46.1 0.6 10024.6 457.5 
7 219.2 1.2 0.0 46.1 0.0 0.0 457.5 
8 67.8 1.1 132.7 0.0 0.6 10024.6 0.0 
9 67.8 1.0 50.4 0.0 0.6 10024.6 0.0 
10 60.0 1.0 50.4 0.0 0.6 10024.6 0.0 
11 60.0 1.0 50.2 0.0 0.0 9989.6 0.0 
12 60.0 1.0 0.1 0.0 0.6 35.0 0.0 
13 199.4 12.0 0.1 0.0 0.6 35.0 0.0 
14 266.2 1.3 0.0 46.1 0.0 0.0 0.0 
15 71.6 12.0 50.2 576.8 0.0 9989.7 0.1 
16 138.3 12.0 50.2 576.8 0.0 9989.7 0.1 
17 130.0 12.0 61.4 576.8 33.0 11014.0 0.7 
GVL 208.4 1.0 0.0 0.0 0.0 0.0 457.4 
H2 30.0 12.0 0.0 0.0 9.8 0.0 0.0 
LA 130.0 1.0 0.0 576.8 0.0 0.0 0.0 
MEOH 30.0 1.0 50.4 0.0 0.0 10024.6 0.0 





7.12 gVL to Pentenoic Acid 
 
Temperature C Pressure bar GVL TRAN2PEA TRAN3PEA CIS2PEA CIS3PEA 4PEA TAR 
1 240 4.56 4576.369 35.658 1.441 0.565 0.108 0.121 0 
2 240 3.56 4118.732 264.248 58.588 103.431 57.255 11.55 0.458 
3 240 3.56 4118.732 264.248 58.588 103.431 57.255 11.55 0 
4 240 4.479 4118.732 264.248 58.588 103.431 57.255 11.55 0 
6 266.4 4.479 4118.732 264.248 58.588 103.431 57.255 11.55 0 
7 278.6 4.56 4118.688 35.658 1.441 0.565 0.108 0.121 0 
8 240.5 4.56 4118.688 35.658 1.441 0.565 0.108 0.121 0 
GVL 208.4 1.013 457.681 0 0 0 0 0 0 
GVL-1 208.6 4.56 457.681 0 0 0 0 0 0 
H-PEA 174.3 3.658 0.044 228.59 57.147 102.865 57.147 11.429 0 
HT-PEA 243.8 3.658 0.044 228.59 57.147 102.865 57.147 11.429 0 
LT-PEA 195.6 3.658 0.044 228.59 57.147 102.865 57.147 11.429 0 
MT-PEA 239.2 3.658 0.044 228.59 57.147 102.865 57.147 11.429 0 
PEA 150.7 3.658 0.044 228.59 57.147 102.865 57.147 11.429 0 
SOLIDS 
  
0 0 0 0 0 0 0.458 
7.13 Pentenoic Acid to ADA 
 
Temperature C Pressure bar TRAN2PEA TRAN3PEA CIS2PEA CIS3PEA 4PEA WATER CO AA DIGLYME AA-S 
1 105.0 20.0 358.4 89.6 161.3 89.6 17.9 303.6 813.6 43.1 3552.7 0.0 






Temperature C Pressure bar TRAN2PEA TRAN3PEA CIS2PEA CIS3PEA 4PEA WATER CO AA DIGLYME AA-S 
2 105.0 20.0 129.9 32.5 58.5 32.5 6.5 221.4 685.8 710.3 3552.7 0.0 
3 105.0 20.0 0.1 0.0 0.1 0.1 0.0 16.0 685.4 0.0 15.4 0.0 
3-N 105.0 20.0 0.1 0.0 0.1 0.1 0.0 16.0 685.4 0.0 15.4 0.0 
4 105.0 20.0 129.8 32.4 58.3 32.4 6.5 205.4 0.4 710.3 3537.2 0.0 
5 105.0 1.0 129.8 32.4 58.3 32.4 6.5 205.4 0.4 710.3 3537.2 0.0 
6 40.0 1.013 129.755 32.427 58.339 32.394 6.486 205.402 0.4 212.0 3537.2 498.3 
7 40.0 1.0 129.7 32.4 58.3 32.4 6.5 205.3 0.4 211.9 3535.5 0.0 
8 15.0 1.0 129.7 32.4 58.3 32.4 6.5 205.3 0.4 43.1 3535.5 168.8 
9 15.0 1.0 129.7 32.4 58.3 32.4 6.5 205.3 0.4 43.1 3534.9 0.0 
10 15.0 20.0 129.7 32.4 58.3 32.4 6.5 205.3 0.4 43.1 3534.9 0.0 
10-N 15.0 20.0 129.7 32.4 58.3 32.4 6.5 205.3 0.4 43.1 3534.9 0.0 
11 105.0 20.0 129.7 32.4 58.3 32.4 6.5 205.3 0.4 43.1 3534.9 0.0 
AA-1 40.0 1.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 1.7 498.3 
AA-2 15.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 168.8 
CO 105.0 20.0 0.0 0.0 0.0 0.0 0.0 0.0 127.9 0.0 0.0 0.0 
CO-N 30.0 20.0 0.0 0.0 0.0 0.0 0.0 0.0 127.9 0.0 0.0 0.0 
PEA 105.0 20.0 228.6 57.2 102.9 57.2 11.4 0.0 0.0 0.0 0.0 0.0 
PEA-N 150.7 3.7 228.6 57.2 102.9 57.2 11.4 0.0 0.0 0.0 0.0 0.0 
PEA-N1 150.7 20.0 228.6 57.2 102.9 57.2 11.4 0.0 0.0 0.0 0.0 0.0 
SOL-N 30.0 5.1 0.0 0.0 0.0 0.0 0.0 82.4 0.0 0.0 2.3 0.0 
SOL-N1 31.3 20.0 0.0 0.0 0.0 0.0 0.0 82.4 0.0 0.0 2.3 0.0 
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